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Abstract 
This is a study of adsorption on three activated carbon substrates using solid-
state NMR. The adsorbates used as probe molecules included a range of phosphates, 
phosphonates and deuterated water. High-resolution ^^ P and NMR spectra have 
been obtained using magic-angle spinning and a single-pulse regime. 
The deuterium results include the generation of an adsorption isotherm. The 
traditional gravimetric analysis and NMR experiments were run concurrently. These 
results showed that the NMR technique was qualitatively and quantitatively accurate, 
while the proven adsorption isotherm theory could be appUed to the NMR results. The 
additional information given by the NMR results showed evidence of two distinct 
adsorption sites. Initial adsorption in the micropores gives a peak shifted by 6 ppm to 
low frequency of the liquid 2H2O line. This peak was broadened due to restricted 
motion in the micropores. The second peak was observed only at high relative 
humidities and was attributed to adsorption on the external surface or in macropores. 
The chemical shift was similar to that of the pure Uquid. 
The ^^ P NMR results were used to directly observe the adsorption of 
phosphates with a range of molecular sizes. The NMR data were used to calculate the 
micropore accessibility for each phosphate. DiflFerences in the adsorption mechanism 
were recorded, and direct comparison for each carbon gave some structural 
information. 
It was possible to follow competition reactions over time periods of 1 min to 
24 hours. A battlefield simulation was studied, with 2H2O and a phosphate competing 
for the adsorption sites. The NMR results showed that the phosphate was 
preferentially adsorbed into the micropores, displacing the 2H2O. However, the 
addition of ^ H20 to a carbon saturated with a phosphate enabled more phosphate to be 
adsorbed into the micropores via a cooperative mechanism. 
Measurements of the transverse relaxation for adsorbed molecules suggest that 
the broad micropore signal consists of some overlapping peaks. The peaks with similar 
chemical shift are attributed to adsorption in pores with differing dimensions. The 
natural linewidth involves broadening caused by restricted anisotropic motion within 
the micropores. 
Abbreviations 
Bo The static magnetic field of a spectrometer. 
Bring The induced field from a ring current in a static magnetic field. 
Al/2 Full peak width at half-height. 
53 IP The chemical shift for resonance of phosphorus nuclei expressed in 
ppm from the signal from 85% aqueous phosphoric acid. 
52H The chemical shift for resonance of deuterium nuclei expressed in 
ppm from the signal for ^HzO. 
y The gyromagnetic ratio of a nucleus. 
MAS Magic-angle spinning. 
M(t) Observed signal intensity at time t. 
NMR Nuclear magnetic resonance. 
SA Shielding anisotropy. 
FID Free induction decay. 
PTFE Polytetrafluoroethylene. 
PDMSO Polydimethylsiloxane. 
T The delay between radio frequency pulses. 
tau Dephasing time for relaxation experiments. 
Tl Spin-lattice relaxation time. 
T2 Spin-spin relaxation time. 
TMP Trimethyl phosphate. 
TEP Triethyl phosphate. 
DMMP Dimethyl methylphosphonate. 
PP Cyclohexanyl methyl methyl phosphonate. 
Cumulative surface area. 
p/p° Partial molar pressure. 
AHi Enthalpy change of immersion. 
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Chapter one Introduction 
1.1 Activated carbon 
The activated carbon group of materials includes a wide range of amorphous 
carbon-based materials which have been treated to achieve a huge degree of porosity 
and large surface area. They can be produced in granular or powdered form. 
1.1,1 Uses of activated carbon 
Activated carbons have been used for centuries for adsorption purposes. The 
major uses are the removal of colour, odour and taste as well as organic impurities 
from potable water. There is also a major application in collective air purification in 
confined areas. 
1.1.1.1 Purification of air 
Activated carbons are used as adsorbents purifying air streams for use in 
inhabited spaces such as hospitals, laboratories and restaurants. The pollution levels are 
controlled to less than 10 ppm by the use of carbon panel fihers. The activated carbon 
needs to be highly microporous, allowing adsorption at very low concentrations. The 
carbon in the filters is discarded after use because the regeneration is expensive. 
Active carbon is also used to prevent air pollution at soiirce. This includes 
purification of exhaust air streams from industrial processing and manufacture. The 
required carbon arrangement needs to cope with the high concentrations of pollutant 
and must be regenerated to be cost efficient. The regeneration is generally eSected by 
exposure of the carbon to steam, air or non-toxic vapour. The carbon itself has to have 
a large adsorption capacity, with pore sizes at the larger end of the micropore range. 
1.1.1.2 Active carbon in respirators 
Industrial respirators need to cope with molecules of low toxicity and high 
molecular weight. General active carbons adsorb these molecules very strongly and 
quickly. Specific carbons can be designed to cope with difiering environments and 
necessities. 
Military respirators demand complete protection from extremely toxic vapours, 
whose molecular weight and concentration can vary considerably. The active carbon 
needs to be capable of physical adsorption of some gases and chemical adsorption of 
some other toxins. (Chloropicrin and hydrogen cyanide). The activated carbons that 
are used have a large range of micrb/mesopore sizes to provide efficient adsorption of 
the varying size and amount of adsorbate molecule. The carbon structure has some 
transport macropores allowing access to the pore system. For the chemical adsorption 
of gases the carbon is impregnated with a range of impregnants which are tailored for 
specific reactivity with target toxins which are not easy to adsorb physically. 
1.1.1.3 Air purification in nuclear plants 
Activated carbons are used in nuclear plants to prevent the release of 
radioactively contaminated vapours such as iodine, methyl iodide and various noble 
gases. Activated carbon beds are also used to decontaminate heUum which is used as a 
protective gas in reactors cooled and moderated by heavy water. 
1.1.1.4 Recovery of gasoline, propane, and butane from natural gas 
Natural gas contains 3% propane and 5% higher hydrocarbons which can be 
recovered using activated carbons. About 70% of butane and 98% of pentane can be 
removed by the carbon acting as a molecular sieve, 
1.1.1.5 Alcoholic drinks industry 
In the brewing process activated carbon is used to improve the quality of 
defective beer and also in some cases to change the colour of all the product. Wines 
and spirits are filtered through activated carbon to remove traces of fiisel oil. The 
production of brandy uses the carbon to remove some aldehydes in the raw distillate, 
causing the maturing process to be accelerated. 
1.1.1.6 Sugar refinement 
The sugar industry uses activated carbon to remove colour from the syrup and 
to improve its processing properties. The carbon removes surface active agents and 
colloidal substances, thus raising the syrup's surface tension and decreasing its 
viscosity. This gives quicker crystallisation rates and aids centrifiagal separation of the 
syrup and crystals 
1.1.1.7 Medicine 
A special type of activated carbon is used to treat ailments of the digestive 
system, removing bacterial toxins easily as they have a high molecular weight. 
Activated carbon is also usefiil in cases of poisoning and is also included in cigarette 
filters to reduce toxins inhaled by smokers, 
1.1.2 Manufacture 
The manufacture of active carbons is shown in figure 1.1, which includes two 
manufacturing steps: the carbonisation of carbonaceous raw materials, then subsequent 
activation of the carbonised product. 0) 
The carbonisation process involves heating any carbon-containing material to 
temperatures less than SOO^ C in the absence of oxygen. The properties of the finished 
product are dependent on the starting carbonaceous material. The carbonisation 
generally involves heating under a continuous flow of nitrogen gas. The non-carbon 
elements such as oxygen and hydrogen are eliminated as gaseous by-products. The 
residual carbon atoms group themselves into sheets of condensed aromatic ring 
systems with a certain degree of planar structure. The arrangement between these sheet 
systems is irregular, so the gaps in between them can be filled with tar material which 
give rise to pores. The pore system makes active carbons excellent adsorbents. The 
pore system is greatly enhanced during the activation process. 
The activation process is an oxidation reaction at elevated temperatures where 
the oxidising agent is usually steam, carbon dioxide or sometimes air. The 
carbonisation and activation steps can sometimes be carried out simuhaneously using 
chemical activation elements such as phosphoric acid, zinc chloride and sulphuric acid. 
These act as dehydrating agents as well, so that the two processes can occur 
simultaneously. 
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Figure 1.1. Flow chart describing the carbon activation process. 
1.1,2.1 Raw Materials 
Any raw material has to have a high carbon content and few inorganic 
impurities. Early procedures used young fossil materials like wood and peat. The range 
of material has spread recently to include fruit stones, (2) nut shells 0 ) and sawdust. 
These materials give chars easily which can be quickly activated with reasonably high-
quality active carbon products. 
Recently more work has been done on types of natural coal. These are cheap 
and readily available. The following criteria are considered when choosing a raw 
material: 
a) Potential quality of active carbon product 
b) Volume and cost of raw materials 
c) The ease of material processing. 
The raw materials are listed in table 1,1 in order of importance with respect to present 
world-wide activated carbon production.'^  
Material Total activated tonnes per year 
Wood 130 000 
Coal 100 000 
Lignite 50 000 
Coconut Shell 35 000 
Peat 35 000 
Others 10 000 
Table 1.1, Table showing the production of activated carbon worid-wide 
The activated carbons produced from coal, coconut shells, fruit pits, and other 
nut shells-with densities greater than wood, have high volatile contents and are used for 
gaseous adsorption. The granulated carbons are very hard and have large microporous 
volumes which adsorb gases well. 
1.1.2,2 Carbonisation 
Carbonisation involves the thermal decomposition of material. This eliminates 
the non-carbon species leaving a fixed carbon mass and a simple pore structure. The 
process is carried out in rotary kilns or muhiple hearth furnaces below 800°C in 
conjunction with a continuous stream of inert gas. The important parameters that 
determine the quality of the active carbon product are the rate of heating, the final 
temperature and the raw material used. 
Low heating rates create a higher yield with more stabihsed polymeric-type 
product. However the microporosity was found to be independent of the raw material 
or the heating rate. The basic pore structure forms by 500°C, but sometimes a higher 
temperature was used to unblock the pyrolysis products trapped in the pore system. 
Variation of the heating rates and carbonisation temperatures has a marked 
impact on activation i'^) and hence the quality of the product. I f the temperature of the 
preparation is lower than the activation temperature then the pyrolitic decomposition 
continues during the activation process so there is a weight loss which is independent 
of the activation gas. The oxidative reactivity of the activation gas depends strongly on 
the rate of heating below 500°C, the amount of time spent around 900°C, and the gas 
used to activate. Low-temperature carbon blacks gasify much faster in the initial stages 
of activation. 
The carbonisation involves two stages which control the properties of the final 
product. Initially there is a softening period where temperature control afiects the 
nature of the carbon black produced. The second stage involves hardening and 
shrinkage, which plays an important role in the development of porosity. Soft raw 
materials need a very slow softening stage so any gases can escape without causing 
deformation. The harder raw materials are not too affected by heating rate during the 
softening process, but a slow hardening process gives a denser and harder product. 
1.1.2.3 Activation 
The activation stage is required to increase the total pore volume and enlarge 
the individual pore diameters as well as create new porosity. It removes disorganised 
carbon material, exposing aromatic sheets which interact with the oxidation agent 
creating a microporous structure. Only in the later stages do existing pores widen and 
macropores develop by complete burnout of walls between adjacent pores. 
This production of the larger macropores results in a reduced total pore 
volume, so the extent of the bum-oflf of carbon material is an indication of the degree 
of activation (^). A predominantly microporous active carbon will be prepared if the 
bum-oflf is less than 50%, whereas any bum-oflf in excess of 75% will cause a 
predominantly macroporous product. Generally the production will be between 50-
75%. This creates active carbon which will exhibit a fiill range of pore sizes. 
The chemistry behind the activation process is not fiilly understood yet. The 
carbons which interact with the oxidation agent are thought to be located at the edges 
of the aromatic sheets or in defect locations and discontinuities. These environments 
are associated with the unpaired electrons or residual valencies which are rich in 
potential energy, and are more reactive. 
The exact conditions for activation are closely guarded secrets which the 
manufacturers have optimised. There are two main groups: 
1) Chemical activation 
2) Physical activation. 
1.1.2.3.1 Chemical Activation. 
Chemical activation has mainly been used to prepare active carbons from wood. 
The starting material is impregnated with the oxidation agent as a concentrated liquid. 
This makes the raw cellulosic material degrade. The resultant material is extruded and 
pyrolised in a rotary kiln (400-600°C) in the absence of air. The product can then be 
washed to remove the oxidation agent. Then calcination dehydrates the raw material 
and creates the porous structure. 
The most widely used oxidation agents are phosphoric acid, zinc chloride, and 
sulphuric acid, although potassium sulphide, alkah metal carbonates, calcium chloride 
and iron chloride have been suggested. (6) 
Chemical activation can be carried out at temperatures generally lower than 
those used in the physical activation process (400-800°C). This means the porous 
structure tends to be better developed in chemically activated carbons The pore 
structure is largely dependent on the degree of oxidant impregnation: The better the 
impregnation, the larger the pore diameter in the active carbon product 
More recently, Weinerberg and O'Grady (^) prepared active carbons from coal, 
coke and petroleum coke using chemical activation. They used hydrated potassium 
hydroxide, and the resuhant active carbons exhibited a large microporous volume with 
a cage-like structure. Nashino et al (^) found that the adsorption capacity of these 
active carbons was dependent on the grain size of the coal as well as the amount of the 
chemical oxidant added. 
Ehrburger and co-workers(^'^^) used KOH and NaOH as chemical oxidants. 
They found small amounts of alkali reduced the micropore volume, but as the alkaU 
went up (>10%) then the micropore volume increased appreciably. When the KOH 
was at 70% by weight of coal, the active carbon surface area produced was »1600 m^ 
g ' l and the micropore volume was 0.687 cm^ g"^ They showed the micropores 
widening as the micropore volume increased, giving evidence that carbonisation in the 
presence of KOH also caused activation of the carbon. 
1.1.2.3.2 Physical activation 
The physical activation process develops and extends the surface area and 
produces a porous structure of molecular dimensions. This step is carried out at 800-
1100°C in the presence of an oxidising gas such as steam, carbon dioxide or air. The 
heating is generally done by a coke oven or natural gas, as the activation agent and 
heat are then introduced simuhaneously. However sometimes extra steam is added to 
control the temperature. The oxygen in the activation agent bums away the more 
reactive portions of the carbon skeleton in the form of carbon monoxide and carbon 
dioxide. The extent of burn-off (gasification) is once again dependent on the gas 
employed and the activation temperature. 
The rate of reaction with steam is retarded by the hydrogen gas product, which 
is strongly adsorbed on the active centres of the carbon surface, thus retarding 
activation. The activation by carbon dioxide is also retarded by the production of 
CO(g) and ii2{g), which are quickly adsorbed. The product Cd(g) hinders either by 
adsorbing on the active centres or by increasing the rate of backward reaction. Rand 
and Marsh(ll) reported that the CO can be added to the activating carbon dioxide to 
achieve better microporosity in the product. Carbon dioxide activation requires a 
higher temperature than active carbons produced by steam reactors. In industrial 
processes flue gas with a small amount of added steam is used so that a combined 
carbon dioxide/steam activation can take place. It is not possible to control the reaction 
carefully if the oxygen gas is used as an activation chemical, and the active carbon 
product is therefore not uniform. 
1.1.2.3.3 Mechanism of activation. 
The process of carbon activation has two stages. Initially, (when bum-oflF is less 
than 10%) the disorganised carbon is burned off preferentially. This unblocks the pores. 
The second stage involves burning aromatic carbons, producing active sites and wider 
pores. Reaction with carbon dioxide produces wider pores by external oxidation, than 
internal activation using steam does. 
Kalback et al 
(12) found pure graphitised carbon would preferentially bum off 
single aromatic sheets with a preferred orientation. This was followed by the burning 
away of the walls of the layer planes, producing larger pores. Marsh and Rand 
(13) 
found that activation with CO2 created access to pores that were previously 
unreachable, as well as widening the original pores. 
10 
Mc Enancy and Dovaston (^4) studied a range of microporous carbons at 
several activation temperatures using nitrogen adsorption and mercury porisometry. 
These results showed that the mesopores and macropores were predoriiinant at lower 
activation temperatures, However, the activation temperatures of 1500-1700 K 
converted open porosity to a closed-pore system. 
Tomkow et al (1^) compared the porosity developed by using water vapour, 
carbon dioxide and oxygen for two brown coals. The three activation gases all 
produced predominantly micropores at low temperature bum-off At higher bum-offs 
the differences became more pronounced. Steam produced a well-developed pore 
system with a large pore-size distribution. 
Carbon dioxide tended to just produce micropores, accounting for 73% of the 
pore volume and 90% of the surface area. This is very different from the steam carbons, 
as shown in table 1.2. 
Activation method Steam CO9 
Micropore volume (%) 33 73 
Micropore area (%) 63 90 
Total pore volume (cm^g"^) 0.83 0.49 
Table 1.2. Table showdng the pore distribution for different activation processes. 
This means that the C O 2 activation produced a more uniform porosity. The two 
processes can be used for different applications depending on the iiidividual 
requirements. 
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Figure 1.2. Trends in the pore size distribution according to tiie activation 
process. [Tomkow et al (15)] 
Activation with oxygen had a very different behaviour: A strong microporous • 
structure develops at very low temperatures but does not increase with elevated 
temperatures. The total volume is only 0.27 cm^ g"^ at 25% bum-off which then 
dropped off slightly at 70% bum-off. This behaviour is similar to that caused by steam 
but in that case the pore volume decrease is compensated by an increased 
macroporosity which is not found for oxygen as shown in figure 1.2. 
This proved that the micropores were being bumt out to meso^d macropores 
when steam was used as the activation gas. This infers that, for oxygen, the activation 
only occurs in the initial part of the process. In the later stages the micropores are 
blocked by the surface oxygen stmctures forming at the entrances, restricting further 
expansion inside the pore. 
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1.1.2.3.4 The activation model 
Caron 0^) deduced that during the initial stages of the activation process, the 
peripheral and more-accessable single aromatic sheets are burnt off, producing mainly 
micropores. The formation of these micropores is limited by the availability of 
accessable sheets and continues to decrease. As the bum-off continues, the larger sheets 
start burning out at the walls between the micropores. This produces meso and 
macropores, so the total surface area drops off dramatically. 
This shows that the most important factor determining the different qualities in 
the carbons is the level of bum-off. This means that manipulation of the length of 
activation allows selective product properties for differing applications. 
1.1.3 The activated carbon product 
Active carbons are produced by activating the randomly orientated aromatic 
sheets in the carbon black. This produces a pore system and a chemical structure on the 
surface. The random ordering of the sheets causes a variation in the arrangement of the 
electron clouds in the carbon skeleton and creates unpaired electrons and unused 
valencies. These obviously affect the adsorption behaviour. 
There are also appreciable amounts of oxygen and hydrogen itill present in the 
activated carbons. They are generally associated with the starting carbonaceous material 
and become part of the chemical strcture because of incomplete carbonizatioaThey are 
sometimes chemically bonded to the surface during the activation process. The hetero 
atoms can be bonded to the edges of the aromatic sheets to foraa surface groups, or 
bonded to the centre of the sheets to form heterocyclic ring systems. 
This means that the active carbons will adsorb oxygen at temperatures of 400-
500°C very well.(^^) There is also a measurable amount of chemically bonded 
hydrogen.('^'^^) Active carbons have an acid-base character developed as a resuk of 
the surface oxides. 
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1.1.3.1 Acidic carbons 
Acidic carbons adsorb appreciable amounts of bases but very small amounts of 
acids. These carbons are generally obtained by activation in oxygen (200-700 °C). The 
acidic groups have been postulated as lactones, ketones, quinones, anhydrides and 
ethereal stmctures. However none of these are conclusively proved or account for the 
amount of oxygen present. 
1.1.3 .2 Basic carbons 
Basic carbons arise from the surface oxide groups with a basic character. The 
exact nature of the groups is not known and so far has not been studied in any great 
depth. The same types of techniques used for acidic groups can be applied to help with 
these as well. There will not be any further discussion of this category as such carbons 
lie out of the scope of this project. 
1.1.4 Analysis of carbon-oxygen surface groups 
Carbon-oxygen surface stmctures are the most important influences on the 
surface characteristics. There has been a lot of work done to elucidate these stmctures, 
but their exact nature is not yet known. Several techniques have been used but they 
seem to give conflicting resuhs. The future use of FTIR, ESCA and NMR. should help 
to elucidate the problem. Active carbons have an acid-base character developed as a 
result of the surface oxides. 
1.1.4.1 Thermal desorption 
Thermal desorption studies by Trembley(20) et al. and by Matsumoto and co-
workers(21) gave evidence of two types of surface chemical stmcture, as shown in 
figure 1.3. One stmctural type evolves C O 2 on decomposition and the other category 
evolves CO(g). The C O 2 evolution starts at 300°C and could be fi-om carboxylic or 
lactonic flinctions. The other chemical stmctures, evolving CO(g) at temperatures in 
excess of 500°C, could be postulated as phenols and quiriones. 
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Figure 1.3. Description of the chemisorbed oxygen from oxidised diamond (D) and 
graphite (G) as a fiinction of temperature. [Matsumato and Setaka (21)] 
There is also evidence from Barton et al. (22) to show two types of acidic group 
evolving C O 2 , and hence there are two separate linear rates of desorption, as seen in 
figiire 1.4. 
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Figure 1.4. Desorption of C O 2 and CO from Spheron-6 as a function of degassing 
temperature. [Barton et ai. (22)] 
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1.1.4.2 Polarography 
Hallam and Dmshel(23) used polarography to identify quinone groups present in 
carbon blacks, whose presence had been suggested by IR measurements. They 
postulated the presence of three main types of quinone and hydroquinone groups shown 
in figure 1.5. 
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Figure 1.5. Proposed stmctures for quinone and hydroquinone groups in carbon 
blacks. [Hallum and Dmshel(23)] 
1.1.4.3 Infi-ared spectroscopy 
Infrared spectroscopy is a very important tool used to distinguish groups within 
an active carbon. The problem with I R is that the carbon is black and adsorbs most of 
the radiation, so thin sample slices have to be used. This means that initially only coals 
could be studied as they could be finely divided. This problem was solved by using 
halide pellets in which ground carbonaceous materials were evenly distributed. The 
advent of FTIR(24) helped to improve the sensitivity of the infi-a red experiment, along 
with photoacoustic infra red(25) experiments. 
Hallum and Dmshel(23) first reported the IR spectmm of a carbon black with a 
high oxygen content using a mull of Nujol. A band at 1600 cm"^ was attributed to 
either condensed ring systems or to hydrogen-bonded conjugated carbonyl groups. 
Garten and Weiss(26) found two bands 1705 and 1600 cm'^ for sugar charcoals. The 
band at 1600 cm"l was attributed to carboxylate ion formation from f-lactone groups. 
The band at 1705 cm"l disappeared when treated with NaOH, which was attributed to 
n-lactone groups. However this is a matter of dispute. 
16 
Ishizaki and Marti(27) examined filtrasorb, which is a commercially available 
activated carbon, before and after neutralisation. The spectrum before neutralisation is 
shown below in figure 1.6, it has five bands at; 1760-1710 cm"^ 1670-1520 cm"^ 
1480-1340 cm-^ 1300-1230 cm"! and 1180-1100 cm"I Comparisons with the 
neutralised system showed the nature of the acidic stmctures. The spectrum showed a 
shift of the 1760-1710 cm'^ band corresponding to the tautomeric stmctures. The 
1670-1500cm" ^  region was the resuh of several overlapping features, which are 
attributed to quinonic and carboxylate stmctures. They remained after neutralisation 
and treatment with acid, as shown in figure 1.6. 
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Figure 1.6. Direct transmission IR spectra of 1) Filtrasorb 200. 2). Filtrasorb 200 with 
NaOH. 3) Filtrasorb 200 with HCl. [Ishizaki and Marti (27)] 
When treated with acid the adsorption in the 1670-1500 cm" ^  region decreased 
and a peak at 1380-1385cm'developed. This was explained as the development of 
carbonate stmctures, caused by chemisorbed C O 2 on semiquinone stmctures. The 
1480-1340 cm'^ region is the OH bending area, the 1465 cm"l peak reduces when 
treated with base and is evidence of penolic groups. 
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1.1.4.4 FTIR 
The use of the interferometer instead of gratings and slits along with internally 
calibrated computer systems to add up all the interferograihs means that FTIR is 
considerably superior to conventional IR. O'Reilly and Gasler(28) applied FTIR to 
sohie carbon black samples but the spectrum picks up some broad adsorption features. 
Some attempts at Lorentzian fitting gave interesting results but the authors declared the 
statistical resuhs inaccurate. There was some evidence to suggest some C-C stretches, 
and the nature of these would seem to suggest aromatic ring stretches. 
Van Driel(29) compared an activated carbon before and after activation to try 
and assess which oxide groups were introduced. He obtained a difference spectmm 
shown in figure 1.7, by subtracting the unoxidised from the oxidised spectrum. This 
shows peaks at 1735 cm"^ and 1585 cm"^ being enhanced on oxidation whereas the 
peak at 1463 cm"l completely disappears. The peak at 1735 cm"^ was assigned as an f-
lactone stmcture. 
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Figure 1.7. A difference FTIR spectmm of oxidised and unoxidised activated carbon. 
[VanDriel(29)] 
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Dauben and Epstein(-^^) interpreted some Fourier transform infrared 
photothermal beam deflection (IR-PDS) results which suggested the presence of cyclic 
anhydrides. They thought that these stmctures were formed by the oxidation of the 
edge carbons and they were not seen at higher temperatures as the poly aromatic carbon 
network armealed and enlarged. 
1.1.4.5 PES 
Photo electron spectroscopy uses X-rays to probe the top 15-20 A of the 
surface yielding information about the electron bmding energies. Essentially this entails 
the evaluation of the Cls and 01s energy levels which are affected by the local 
environment. Potentially the technique is very useful to differentiate between the 
positions and nature of surface oxide groups. However as yet there has been little work 
on activated carbon systems. Thomas et al (-^  1) found evidence for at least two types of 
oxygen, but further analysis with deconvolution has shovm four types of oxygen 
containing groups to be present. The technique does need some more experimentation 
on activated carbon systems, but it should prove a very useful tool for determining the 
identity of oxide groups. 
1.1.5 Porous stmcture 
The classical basic definition of pore sizes defines micropores with entrances 
<2nm in width, mesopore entrances btween 2 nm and 50 nm and macropores having 
entrances in excess of 50 nm. Active carbons have a large adsorption capacity 0.6-0.8 
cm^ g-1, the majority of this is created by the micropores. There is also the possibility 
of mesopores and macropores: the definition of these being dependent not only on the 
size of the pore entrance, but also on their adsorption behaviour. The most striking 
property occurs with mesopores (2nm< r > 50nm), where the adsorbate condenses in a 
liquid like state and forms a meniscus. This behaviour creates a hysteresis loop in the 
adsorption- desorption profile because it is harder to desorb the adsorbate from this 
state. 
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Solano et al (^2) discovered that active carbons exhibit low pressure hysteresis: 
this was ascribed to the trapping of adsorbate after the inelastic distortion of some 
micropores. Stoekli et al(-^ -^ ) found the reverse when the accessabiUty of the micropore 
system increased at low pressures after several adsorption - desorption cycles. 
The actual three-dimensional stmcture of the active carbon can only be 
postulated from tunnelUng electron microscopy (T.E.M.)(^^) observations. There is a 
limiting stmcture model proposed by Oberlin et 
al(35) who looked at typical 
unactivated carbon materials. It is generally assumed that the micropores are slit shaped 
gaps produced by distortion of the aromatic sheets. Figure 1.8 shows a schematic 
representation of the activated carbons porous system. 
Figure 1.8. A schematic representation of the micropoous stmcture within activated 
carbons*'I 
Figure 1.9 shows four TEM micrographs of the activated carbon gradually 
focussing in more detail. The first one (A) shows several granules, the next one (B) just 
shows one granule, and the scales are shown. The third picture (C)js a closer view of" 
the surface, showing some of the texture. The final micrograph (D) is the limit of the 
TEM experiment and shows the texture very well, it highlights the entrance to a round 
hole, which is larger than a micropore. 
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Figure 1,9 Four TEM micrographs of the BPL activated carbon. 
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1.1.5.1 Micropores 
The microporous surface(Smi) is represented as the walls of the slits, and has 
the area of several hundred square metres per gram of solid. The surface is related to 
the volume (V) and accessable width ( I ) in equation 1.1. by 
Smi (m2g-^) = 2.10 v 3 ( m V ^ ) - 1 (m) 
Equation 1.1. 
For micropores i is small so the area associated with them is much larger than 
for meso and macropores. The extemal surface area Se includes the walls of the 
mesopores and macropores as well as the discontinuities of the aromatic sheets. The Se 
values for active carbons are generally very small, with 10-200 (m2 g-1). The main 
difference between Smi and Se is that the adsorption energy value can be twice as high 
for micropores as compared to the open surface. 
(36) 
This enhancement is due to the overlapping of adsorption forces from the 
opposite walls in the micropores, this decreases rapidly as the gap between the walls 
increases. Calculations show that for slit pores with twice the width of the adsorbed 
niolecule then the adsorption force is 1.2 times greater than that of an open surface 
graphite. This means that the micropores will obviously fill before the molecules adsorb 
onto the open surface. This is known as Dubbinins theory of volume filling for 
micropores. (TVFM). 
The actual mechanism of adsorption is also different in the micopores compared 
to the open surface. In the micropores the adsorption corresponds to the filling of 
volume,-whereas for larger pores there is a gradual multilayer formation process. This 
means that the adsorption of vapours by active carbons is composed of two seperate 
contributions. 
1) The filling of the microporous volume 
2) Multilayer build up on the extemal surface 
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The microporous volume can be analysed seperately from the external surface 
by using benzene as the adsorbate. 
(37) 
The microporous volume fills preferentially and 
can be saturated at room temperature. The additional filling adsorption of nitrogen at 
77.78 K gives the value of Se. See figure 1.10. 
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Figure 1.10. The calculated contributions to the overall adsorption isotherm of benzene 
by carbon A-35 at 293K. 1) Adsorption from micropores. 2) Adsorption from external 
surface. 3) Adsorption from mesopores. [Bansal et al (1)] 
The tme surface area of the micropores can be obtained fom the adsorption of 
helium, the small angle scattering of X rays 0^), the adsorption of water under certain 
circumstances(^9), or from the distribution curve of the microporosity derived from 
experiments with molecular probes of known dimensionsC^^). 
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1.1.5.2 Mesopores, macropores and the external surface 
Meso and macroporosity can be assessed by using mercury porosimetry, which 
is based on the penetration of mercury into the pores under extemal pressure. Mercury 
is a non-wetting liquid and will fill , circular pores of radii >rp, where rp is given by 
equation 1.2, 
rp (nm)= 7300 ^ P(atm) 
Equation 1.2. 
This means that at room pressure the mercury will fill pores with radii greater 
than 7.3 [im. The limit is « 2000 atms, resulting in a pore size lower limit of just 2.0 nm, 
and hence covering the majority of the meso and macropore range. In reality it does not 
cover the range <3.8 nm, which often has some contribution to the extemal surface. 
However plots of Scum against rp often give a linear representation from 4-15 nm, so 
the total area down to 2 nm can be extrapolated. The results for Se are in good 
correlation to the resuhs determined from hysteresis loop calculations. 
1.1.6 Methods for adsorption analysis 
Historically adsorption characteristics of various adsorbates have been studied 
using adsorption isotherms. The adsorption isotherms were first fully classified into five 
main groups by Bmner, Deming, Deming and Teller(41), and are referred to as the 
B.D.D.T. classification. The five classes are shown in figure 1.11' along with a 
composite step isotherm. 
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Figure 111. The B.D D.T classification of adsorption isotherm types 1-5. 
1.1.6.1 Gravimetric adsorption analysis 
The adsorption of gases can be determined volumetrically or 
gravimetricaily(42) Usually the large adsorption capacity of activatied carbons means 
that gravimetrical methods are used. The increase in the mass of adsorbent is measured 
as it comes into contact with the adsorbate. It is possible to measure the mass changes 
to an accuracy of +/- O.lmg, which in the case of nitrogen gas at 78 K is +/- 0.3 m^, 
which is small when compared to Se values for typical carbons. The adsorption of 
N2(g) has become a standard characterisation measurement for micropores, labelled a 
BET adsorption area for a monolayer adsorption of N2(g)at standard temperature and 
pressure. A plot of the adsorbate vapour mass uptake against p/po of the vapour is 
generated, for adsorption and desorption, in the isotherm. 
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1.1.6.2 Immersion calorimetry 
Immersion calorimetry is undertaken using the Tian-Calvert type calorimeter, 
the apparatus is shown in figure 1.12. 
- 2 
1) Glass sample bulb 
2) .Adsorbate liouid 
3) Brass cell 
Copper-constan thermocouDles 
51Thermal .burter- I kg of cooper powder 
6) Water jacket 
7) To signal recorder 
Figure 1.12. Schematic diagram of the Tian-Calvert immersion calorimeter used for 
active carbons. 
This calorimeter is set up to measure enthalpies 2-50 J. The reproducibiUty is +/-
1%, so the technique is very useful for accurate enthalpy determination for immersion in 
water or organic liquids. 
Stoekli et al(^3) found that the amount of primary adsorption shes is related to 
the enthalpy of immersion of active carbons in water. These uniform hydrophihc sites 
are probably of the carbonyl type as they yield CO (g) upon desorption. Other types of 
sites were treated similarly and the total enthalpy was a sum of the induvidual 
contributions. Potentially the adsorption branch of the water isotherm can be calculated 
by using enthalpies of immersion 
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1.1.7 Experimental characterisation of adsorption by activated carbons 
The experimental resuhs fall into three sections: consisting of the three types of 
adsorption isotherm that are measured, a series of results from the immersion 
calorimetry and some molecular probe work. 
1.1.7.1 Gravimetrically determined adsorption isotherms 
The physical adsorption of gases by active carbons is described by the Dubinin 
theory(39) which has been developed gradually since 1947. This simple equation covers 
a range of adsorbate gases but noticeably does not describe the water adsorption 
isotherm. The state of the adsorbate in the micropores is still.open to discussion but a 
reasonable approximation describes it as a condensed adsorbate at the same temperature 
and pressure. 
Dubinin's theory does describe the adsorption isotherm for non polar molecules 
such as cyclohexane shown in figure 1.13. The adsorption can be described taking into 
account purely dispersive forces. 
The interaction of water with active carbons does not follow Dubinin's theory 
and a separate equation has to be developed to describe the adsorption isotherm that is 
measured and shown in figure 1.14. The adsorption of water is dependent on both the 
chemical and physical characteristics of the active carbon. This means that any adsorbed 
amount at a specific relative pressure of 0.6 atms used by DubininC^^) does not 
necessarily represent a monolayer water capacity adsorbed on the micropore walls. 
Consequently Dubinin's equations are not applicable. 
The third type of adsorption isotherm that has been measured is. the adsorption 
of polar organic vapours, these are typified by the adsorption of methanol shown in 
figure 1.15. 
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Figure 1.13. Dynamic cyclohexane adsorption isotlierm. 
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Figure 1.14. Dynamic water adsorption isotherm for BPL at at 1 1 min"! flow 
rate.(C. Pottage C.B.D.E.) 
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Figure 1.15. Dynamic methanol adsorption isotherm 
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1.1.7.2 Immersion calorimetry 
When a solid is brought into contact with a non-reacting liquid, a thermal eflfect 
is produced which is termed the heat of adsorption. This thermal efifect is, from the net 
integral heat of adsorption in forming an adsorption layer at saturated vapour pressure, 
plus the heat of wetting of this film. Activated carbons which are highly microporous 
create thermal effects of wetting the external surface and filling the microporous volume 
which are easily measured. 
For activated carbons the heat of immersion for different liquids varies so the 
heat of immersion can not be just related to the surface area, but is actually a measure of 
the accessibility of the surface for a given liquid. The heat of immersion depends on the 
chemical structure of the carbon surface as well as the nature of the adsorbent. This 
means that the results can be used to analyse surface polarity, site heterogeneity, 
hydrophobicity and other surface properties(44). The thermal energetics are high for 
specific interactions between water and surface oxygen groups on the activated carbons 
and so it has been suggested that these groups could be analysed using immersion 
calorimetry(45). 
Barton and co-workers(4^"^^) looked at the average polarity of the surface of 
graphite covered with surface oxide groups. Immersion calorimetry of a series of butyl 
derivatives with differing dipole moments was carried out. When using n-hexane the 
surface oxide groups had very little eflfect on the heat of immersion. However the butyl 
derivatives varied greatly when the surface oxide groups were present, suggesting that 
for the molecules with a dipole moment there was an interaction with the electrostatic 
field at the surface caused by the oxide groups. 
This trend for increased immersion heats with greater amounts of surface 
oxygen was also found in the activated carbon Spheron-6 (47) when studying polar 
molecules such as water and methanol. 
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Maggs and Robins ('^^) examined the relationship between surface area and the 
heat of immersion for several commercial activated carbons and carbon cloths using 
liquids of varying molecular dimensions. The accessible area as a function of the 
molecular diameter of the liquid decreased as the molecule increased in size for all the 
carbons and cloths as shown in figure 1.16. 
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Figure 1 .16. The accessible surface area as a fionction of the molecular dimensions of 
the wetting liquid for granular charcoals [Maggs and Robbins (49)] 
The. shape of the plots shows a considerably different porous structure in the 
various carbons, the highly activated carbons showing a more open structure. When 
these were compared to the BET nitrogen areas it could be seen that only part of the 
total area was accessible to even the smallest molecules. The inferred conclusion was 
that the BET monolayer capacity is actually a pore volume capacity. When the carbons 
were activated with CO2 at elevated temperatures, then the areas accessible to all the 
molecules increased considerably with the degree of activation. Nearly all the BET area 
was available to benzene at 80% bumofif. 
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Atkins et al(^^) measured heats of immersion for charcoal cloth with mainly 
narrow pores and a commercial activated carbon with a large range of micropores (1-2 
nm) using several organic liquids. They found a large variation in AHi values, indicating 
once again that AHi is a measure of accessability not surface area. Since the concept of 
BET surface area is unrealistic for microporous carbons, they suggest that the 
representation of AH per unit surface area is invaUd, and so the values of AH per unit 
weight of carbon (Jg'^) should be quoted. This notation is used in the folowing 
discussion. 
Zettlemoyer et al (^^) determined the heat of immersion of a polymer based 
carbon, carbosieve-s, with a narrow micropore size distribution (O.Snm), using water, 
methanol and 2-propanol. They compared AHi with pre-coverage of the surface with 
the immersion liquid. 
The immersion heats decreased to a plateau at 20% micrpore filling followed by 
a decrease after 80% filling when using water. There were two plateaus after 25% and 
80%i for methanol, and when using 2-propanol there was a sharp decrease followed by a 
plateau. The differential heats of adsorption (qd) were calculated from the slopes of the 
heats of adsorption plots and dravra against surface coverage. These showed a rapid fall 
from 180 kJmol"^ at Img g"^ adsorption to 82 kJ mol'^ at 2mg g"l adsorption for 
water. 
In the case of methanol there was also a sharp fall, and the adsorbate 
approached liquid-like properties at 30% micropore filling. The heats of adsorption for 
2-propanol were very different -with two maxima occuring at 40% and 90% pore 
volume filling as shown in figure 1.17. 
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Figure 1.17. The differential heat of adsorption of 2-propanol on carbosieve at 25^C 
[Zettlemoyer et al (51) ] 
The large fall in the heat of adsorption at low coverages was attributed to 
surface heterogeneity with adsorption occuring at the acid group sites The difference 
between methanol and propanol was caused by differing molecular diameters. The 
theory to explain this is extended a little later on, but the two maxima are interesting in 
the Ught of NMR results I have recorded on phosphate adsorption on activated carbons. 
Barton et al (^2) measured the AHi for water and cyclohexane for adsorption 
onto a BPL carbon oxidised to various degrees with Nitric acid. The results showed 
that the major influence on AHi was the number of surface oxide groups when 
adsorbing water. They found no numerical relationship between the two but AHi 
increased upto a certain concentration of oxide sites and then no flirther increase was 
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observed for additional oxide groups. The resuhs suggested that a concentration of 6 
mmol g'^ of oxide groups was ideal. I f the oxide groups were more prolific then they 
did not encourage any extra adsorption via hydrogen bonding. The data are presented in 
figure 1.18. 
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Figure 1.18. The variation of the heat of adsorption in water with the concentration of 
hydrophilic adsorption centres a©. [Barton et al (52)] 
The results were different when using cyclohexane, with the molar enthalpy of 
interaction decreasing rapidly initially, and then falling slowly above the threshold value 
of 6 mmol g"^ of surface oxide sites, where the hydrophiUc nature is increased. This 
means that the cyclohexane was affected by the pore filUng creating the enthalpy change 
whereas the water had a major enthalpy change, associated with the surface oxide 
concentration. The pore filling process had a comparatively small effect in the case of 
the water adsorption. 
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1.1.7.3 Molecular probes 
Research has been undertaken to find pore size distribution and molecular sieve 
behaviour of activated carbons using organic probe molecules, Dacey and Thomas(53) 
studied the adsorption of various organic molecules onto Saran charcoal. The carbon 
adsorbed straight chain molecules like n-pentane, and flat molecules such as benzene 
very rapidly, whereas neopentane was adsorbed more slowly. This was attributed to the 
presence of slit shaped pores in the carbon. 
Rozwadowski and WojszC '^^ ) found that the amount of isooctane (r = 0.68mm) 
and a - pinene (r = 0.8nm) which could be adsorbed was much less than benzene and 
other smaller molecules. The carbons therfore had a number of pores inaccessible to the 
larger molcules. When compared to N2 data only 13% and 7% of the total area was 
accessible to isooctane and a-pinene. The area calculated by organic molecules is 
therefore not of any great relevance to the total volume i f the carbon is highly 
microporous. The micropores for the steam-activated carbons were enlarged, and 
accepted more of the large adsorbates. 
The uptake of butane, isobutane and neopentane according to Walker(55)^ is 
dependent on the molecular dimensions of the adsorbate and the temperature of 
carbonisation. With high carbonisation temperatures (>1500 K) the micropores shrink 
and the adsorption of neopentane is almost negligable. The adsorption of benzene and 
cyclohexane is ten times greater than neopentane. 
Bansal and co(5^"^0) looked at molecular sieves made from polymer carbons 
interacting with several organic vapours. He found that adsorption was determined by: 
1) The carbon pore size. 
2) The size and shape of the adsorbate molecules. 
3) The chemical nature of the carbon surface. 
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1.1.8 Theoretical treatment of adsorption by activated carbons 
To describe the shape of the adsorption isotherms that were shown in section 
1.7.1. several theories have been developed. An activated carbon has a very complicated 
surface. It has a porous structure which relates to its adsorption capacity and a chemical 
structure which determines how it interacts with polar and non-polar adsorbates. It has 
active sites such as edges, dislocations and discontinuities which react with other 
heteroatoms. 
This means that the adsorption behaviour of an activated carbon cannot be 
analysed by surface area and pore size distribution alone. It also means that any model 
for adsorption of active carbon adsorbents of a complicated nature is very difficuh to 
devise. 
The model has to look at the chemical and porous structure of the carbon. The 
nature and amount of surface chemical structures, surface area, pore size distribution as 
well as the chemical/physical properties of the adsorbate all have to be considered. The 
activated carbon has to be characterised with respect to the number and nature of the 
chemical structures on the surface, the polarity of the surface, pore size distribution, 
micropore volume and surface area. This characterisation has been attempted by 
analysing the adsorption isotherms, calorimetry and molecular probe results. 
1.1.8.1 Adsorption of non-polar organic vapours 
The adsorption of, non-polar organic vapours is purely physical involving short 
range repulsive interactions and dispersion/attraction forces. The dispersive forces are 
an increase in the energy of adsorption in the micropores due to the .superposition of the 
adsorption potentials of opposite pore walls. The isotherms are explained by Dubbinin's 
theory of volume filling of micropores (TVFM)(^1). The characteristic energy E° 
increases from 8.5-35 k j mol'Vfor benzene depending on the micropore structure. This 
explains the very fast rise in the adsorption isotherm at low P/P° shown in figure 1.13. 
For non polar molecules the adsorption patterns were generally BDDT type 1 
with 90-95% of adsorption at pressures P/P^ <0.2. This means the carbons were very 
microporous with the pores being only a few molecular diameters in width. 
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1.1.8.2 Adsorption of water vapours 
There has been a lot of work on the adsorption of water vapour, trying to give 
reasons for the shape of the adsorption isotherm and its hysteresis as shown in figure 
1,14, 
There are a few ambiguities which have been raised in the experimental results 
and these are still under discussion. The role of associated oxygen and capillary 
condensation in the adsorption process are not fiiUy understood as yet. 
Dubinin et al(^2-64) j^^ve the view that the active sites and their oxygen groups 
act as primary adsorption centres, which the water molecules can be bound to at low 
pressure. These adsorbed water molecules then act as secondary adsorption sites, where 
the water is adsorbed by hydrogen bonding. As the relative pressure builds up then two-
dimensional islands of water are generated. These islands eventually join up to form a 
continuous film or monolayer over part of the carbon's surface. Hysteresis arises from 
the fact that while adsorption occurs through cluster formation, desorption comes from 
a continuous layer in non porous carbons and form menisci in porous carbons. 
Obviously the forces on adsorption only apply to the active sites, and are smaller than 
the ones for the whole layer on desorption, so the desorption forces are inherently 
greater and the requisite pressures higher. 
Conversely Puri and workers(^^'^6) looked at a range of carbons with differing 
oxygen content and found that the C02(g) forming sites, when evacuated, were the 
sites which adsorbed water. They found that i f any of the C02(g) evolving sites were 
present, then the adsorption/desorption loop would not meet at zero. This suggested 
that the water was bound to the sites and couldn't be removed on desorption. The 
amount of water was one mole of water per mole oxide site. The rest of the oxygen 
combined to the carbon had little eflfect on the adsorption or hysteresis. When the 
C02(g) evolving sites were increased then the hysteresis increased and conversely when 
reduced the hysteresis was less pronounced. Their conclusion was that capillary 
condensation doesn't play a part in the adsorption of water. 
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Barton et al (^2) found that the adsorption of water vapours onto BPL - active 
carbon was affected more by hydrophilic centres than pore volume. They found that 1.6 
mols of water were adsorbed per acid group. 
Youssef(^^"^9) found that carbon activated using ZnCh followed by HNO3 
actually fixed oxygen deep into the micropores, so'then hysteresis was pronounced. The 
carbon held more water on desorption compared to other samples. They also found that 
N2(g) BET values differed from C02(g) ones suggesting that for H20(g) adsorption 
the monolayer represents the number of reacting groups rather than the number of 
adsorbed molecules required to form a monolayer. 
The opposing view from Wiig and Juhola(^^'^0 suggests that condensation of 
water in the capillaries is the dominant process. They say that even the filling of the 
micropores occurs by capillary condensation. They suggest that physical/chemical 
adsorption becomes significant i f the carbon is highly microporous with hydrophilic 
groups at the surface, and this is the reason that the desorption curve doesn't lower the 
adsorption part. 
Kiselev and coC^^" '^^ ) looked at porous and non-porous carbons with varying 
oxygen content. They found adsorption depended on degree of oxidation as well as 
porosity. The more hydophobic the surface was, the more important the capillary 
condensation became. The suggestion was that the steep rise in the isotherm was caused 
not by islands merging, but from capillary condensation which also caused hysteresis. 
Kiselev said that initial adsoption was in the most constricted portions of the pores with 
the largest adsorption potential. The thickness of the adsorbed layer increases with 
pressure until a continuous layer is formed and capillary condensation occurs. The 
process extends to larger portions of the pores as the pressure increases. Hysteresis 
occurs because desorption occurs in wide parts of the pore body, compared to the 
adsorption which occurs at the narrower pore neck. 
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Bansal et al,(7^) observed adsorption of water vapour onto polymer based 
carbons with different porosities and oxidised them to vary the oxygen content. They 
found that the shape of the isotherm varied with the carbon type, indicating the 
adsorption mechanism varied with the differing porosities. Carbons with differing pore 
structures but similar oxygen content showed similar results at low pressures, but 
differed significantly at higher pressures. This suggests that oxygen sites are important 
initially and pore structure unportant at higher pressures. They also found that 
increasing the oxygen content increased water uptake when p/p°<0.5 (low P) 
continuously. However when p/p°>0,5 there was no increase, carbons with no 
associated oxygen took up virtually no water when p/p°>0.5 as shown in figure 1.19. 
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Figure 1.19, Water vapour adsorption isotherms on polyvinyledene chloride (PVDC) 
and urea formaldehyde (UF) based carbons, before and after outgassing and oxidation. 
[Bansal et al (75)] 
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When Saran charoal was degassed at lOOO^C or activated in steam at 850OC, 
the adsorption of water vapour at lower pressures decreased, but at higher pressures the 
adsorption increased as shown in figure 1.20. 
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Figure 1.20. Water vapour adsorption isotherms on outgassed and steam activated 
Saran carbon. [Bansal et al (75)] 
The decrease in adsorption at lower pressures was caused by a reduction in 
combined oxygen as the sample was degassed. The increase at higher pressures was due 
to the widening of the pores by the activation process. This was fiirther supported by an 
increase in H2O adsorption when the activated sample was degassed at lOOO^ C^. The 
widening of the pores was evident on pore size distribution curves. 
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The conclusions were that at low pressures the adsorption process is dominated 
by surface oxygen groups attached to single carbon atoms forming on the wall of 
micropores. However as the carbon becomes more hydrophobic the porosity dominates 
and capillary condensation becomes more significant. The hysteresis is still present when 
all-the combined oxygen was removed at lOOO^C outgassing, confirming the capillary 
condensation was present as shown in figure 1,21. 
The most recent theories of H, Liu et aK^^) attempt to describe the hysteresis in 
terms of two effects. The molecular packing effects in the potential wells associated 
with narrow pores means that it is easier to adsorb the water than to desorb it. The 
interconnectivity of the pore structure also creates some hysteresis, where at high 
relative pressures the adsorbed molecules create a larger difldjsion coeflBcent through 
the pores as they block them up. This means that it is easier for the adsorbate to adsorb 
into clear paths than to desorb from the blocked passages. 
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Figure 1,21. Water vapour adsorption-desorption isotherms for (PVDC) carbon, 
before and after outgassing at lOOOOC. [Bansal et al (75)] 
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1.1.8 .3 Adsorption of polar organic vapours 
The theory describing the adsorption of polar vapours has to describe the 
isotherm in figure 1.15. The best description of adsorption onto microporous carbons is 
given by the Polyani-Dubinin potential theory. (^^"^^) However this is better when the 
adsorption energy is not too heterogeneous, and "the state properties of the adsorbate 
are very similar to the liquid phase. For polar molecules the two states are different so 
the theory needs to be adapted for accurate interpretation. 
Rozwadowski and co.(^4,79) looked at the adsorption of aliphatic alcohols and 
amines on active carbons. They compared the state of the adsorbate and the pure liquid 
and worked out the share relevant to dispersive adsorbate-adsorbent reactions. 
Polar adsorbates such as methanol and ethanol followed the Dubinin-Polyani 
theory of volume fiUing of micropores at high presssures. There were however 
deviations at lower pressures suggesting two mechanisms of adsorption. These 
differences were attributed to the pure liquid. I f this was taken into account, the 
theoretical curves were closer to experimental values. The wetting ratio WAVe is 
dependent on the amount of the adsorbate. The degree of association depends on the 
amount of adsorbate and these P° values were used for calculating adsorption work A 
in the Dubinin-Polyani equation given in equation 1.3. 
e = (WAVe { A / p So} 2) 
Equation 1.3. 
where: 
A = RTln(PO /p) 
Equation 1.4. 
A depends on temperature and on the amount of Uquid adsorbed. The fiigacity 
(f*) of the saturated vapour at a given stage of adsorption is given in equation 1.5. as 
f* = u po 
Where u = activity coeflBcent dependent on the degree of pore filling 
Equation 1.5. 
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The activity coefficients for some alcohols and amines were calculated and vary 
from unity by some degree. Any value deviating from one indicates the properties of the 
adsorbate are different from the liquid phase. Values below unity show strong 
association of the adsorbate, this was especially noticeably in amines. Alcohols only 
gave values less than unity when at low coverage. 
The workers found that at large percentage coverage the AS* values for the 
adsorbate and pure liquid were very similar, and the adsorbate can be approximated to 
the liquid state. 
Rozwadowski and WojszC^^) concluded that the adsorption of polar molecules 
on nricroporous carbons involves the chemisorption or strong specific adsorption at low 
pressures, the energy of these interactions being much greater than the dispersive 
interactions. The positive AS* and AH* values in mid/high pressure ranges indicate 
strong association of the amine molecules adsorbed compare to bulk properties. The 
theory of adsorption at high pressures is according to the theory of pore filling. They 
suggest that the shape of the experimental isotherm is a resuh of two overlapping and 
opposing interactions, adsorbate-adsorbent and adsorbate-adsorbate interactions. This is 
affected by the nature of the adsorbate and the nature of the carbon surface. 
Adsorption of polar molecules such as methanol and ethanol was influenced by 
surface oxide groups. The adsorption of these alcohols and benzene decreased as the 
amount of oxygen groups decreased, whereas the adsorption of other molecules 
increased v^th gradual elimination of acidic oxygen groups. 
Stoekli et al(^^) also found that successive adsorption-desorption cycles actually 
mutated the surface, when large molecules such as trimethyl phosphate were used, the 
average pore size after three adosrption-desorption cycles was increased considerably, 
and the heterogeneity was increased. 
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The benzene adsorption seems to be influenced by surface oxygen groups which 
yield CO(g), the theory behind this is that the K electron system interacts with the 
partially positive charge on a carboxyl carbon in quinonic oxygen in the micropores, 
Benzene complexed with these sites requires high energy to difiuse out and so 
hysteresis is observed. 
11.9 Active sites in carbons available for adsorption 
Active carbons have a structure with aromatic sheets with condensed ring 
systems stacked in non-polar layers. The sheets have Umited dimensions so obviously 
there is a significant amount of edges. There are also defects, dislocations and 
discontinuites. The carbon atoms have unpaired electrons and residual valency with an 
associated higher potential, these are termed active sites. A lot of research has been 
aimed at characterising these sites and how they chemisorb oxygen. Initially Rideal and 
Wright(^l) found that there were different active sites when they used oxygen gas on 
active carbon surfaces. They suggested three types of site which each behaved 
differently at various oxygen pressures. Puri and Bansal(^2) looked at sugar and 
coconut carbons at various oxygen temperatures, and analysed the production of H2(g) 
as an elimination product. The found the H2(g) was eliminated in a number of steps as 
02(g) temp went up, they concluded that the chemisorbed H2(g) originally on the 
carbon was bonded in a range of different sites. Various workers in the field were 
finding that there was definitely more than one type of chemisorbed oxygen on the 
activated carbon. Hart et al(^^) found that there were two types of adsorption at 
300°C, on activated graphon, one fast and one slower. The faster adsorption had an 
activation energy of 7.4 kcaimol"^, and the maximum amount of oxygen chemisorbed 
on these sites was 2.6% of the total BET surface area. 
Bansal et al(84-86) characterised ultraclean surfaces of graphon by looking at 
the chemisorption of oxygen at low temperatures. (70° C-160°C). The graphon sample 
was cleaned in a vacuum of 10"^ torr in a stainless steel system shown in figure 1.22. 
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Figure 1.22. Schematic of ultraclean vacuum system for the study of oxygen 
chemisorption. [Bansal et al (85)] 
The apparatus includes a gas inlet system, a vacuimi assembly and an adsorption 
unit with a residual gas analyser and a microsorption balance. 
The results of input energy (q) against log time showed linear regions. The low 
presures had only one lineiar region, but as the pressure increased then the amount of 
Unear regions increased upto 683 mtorr, and then dropped oflF. This was explained as 
the same chemisorption process occuring at a range of different sites. The activation 
energies of adsorption from Arrhenius plots were found to be independent of surface 
coverage for any one group of sites. The Ea for each site was however different and in 
total, five different sites were discovered with Ea from 3 .1-12.4 kcal mol"V 
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The existence of these different types of site has been attributed to the geometry 
of the carbon atoms at the surface. The activated complex forming between the gas 
atoms and the C-C surface will have varying potential energy depending on the C-C 
spacing. This will give a variation in the corresponding activation energy of 
chemisorption. Some of the theoretical Ea values were calculated by Sherman and 
Eyring(^^) using likely C-C spacings and agree with experimental values well. These 
were terminating faces and gaps between edge carbons with adjacent basal planes. 
Puri et al(^^'^*^) gave evidence for completely different sites termed unsaturated 
sites The sites could be determined by reacting BT2 and KBr solution. The number of 
sites was related to combined oxygen coming off as C02(g), one mole of unsaturated 
site being created by chemisorption of two moles of oxygen evolved as C02(g). 
1.10 Surface modification 
Activated carbons invariably have appreciable quantities of adsorbed oxygen 
chemisorbed to the surface. All microcrystalline carbons have associated hydrogen 
chemically bonded at the edges of the graphitic planes. The carbons can fix heteroatoms 
(S, N , CI, Br,) into the surface as stable structures, they can also adsorb certain 
molecules such as phenols, amines and cationic species. 
X ray difiraction shows that the adsorption occurs at the edges or comers, of 
aromatic sheets, at defects within the sheets or within the aromatic sheets as 
heterocyclic compounds. 
1.1.10.1 Impregnation of the active carbon 
Impregnation of the active carbon is often associated with dispersion of small 
metal and metal oxide particles on the surface, providing excellent catalytic activity. The 
primary role of the carbon is to favour the highly dispersed metal phase by physically 
separating the metal crystallites over the extended surface area of the support. The 
impregnation of metals prior to activation also modifies the gasification properties and 
pore structure of the final activated product. This enables the activated carbon to a 
certain extent to be designed and produced with particular properties. 
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Activated carbons which have been impregnated with potassium iodideC^') and 
amines(92) have been used by the nuclear industry for the retention of radioactive 
iodine compounds fi^om coolant airstreams. 
Impregnation with pyridine and picolihe has been used to keep ASC Whetlerites 
from degrading in the presence of moisture(^3), Activated carbons impregnated with 
Cu^ "*", Ag"^, C r ^ , NH4"'" and CO-^^' were found to be very efficient in the 
chemisorption of arsine, hydrogen cyanide, cyanogen chloride, chloroform and 
phosgene. These are used for military respirators as explained in a later chapter; 
1.1.10.1.1 The impregnation process. 
The metal ions can be added to the carbon prior to the activation process and 
are dispersed within the activated carbon that is produced. Baker and PozionekC^^) ^ jso 
used a rotary evaporator on activated carbons to impregnate the volatile species and 
non volatile impregnants were adsorbed from alcohol solutions. The level of 
impregnation can then be determined by using a weight difference method. 
1.1.10.2 Modification of the carbons by halogenation 
The treatment of activated carbons with halogens has been studied by several 
people trying to modify the surface character. The halogen can be introduced by 
physical adsorption (^^) and chemically via addition to active sitesC^^), exchange with 
chemisorbed hydrogen(^^) and surface oxidation. (9^) 
The halogens are fixed to the surface m the form of carbon-halogen surface 
compounds and are thermally very stable. Reyerson and co.(^^) found that appreciable 
quantities of chlorine and bromine from the gas phase were fixed irreversibly to the 
surface. The adsorption characteristics of chlorine containing activated carbons 
according to Alekseeviskii and Likharev(^^^), were better than many commercially 
available carbons. For this reason the M.O.D. are interested in studying adsorption onto 
a carbon which has been treated with chlorine gas. The chlorine gas is adsorbed well 
into the microporous structure and is therefore irreversibly bound. 
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1.2 Chemical defence 
The concept of applying choking fiimes as an offensive weapon has been around 
for centuries. In 428 B.C. the Spartans burnt wood saturated with pitch and sulphur to 
drive out the Alterions defending the city of Plateau. 
The first Hague convention in 1899 had considered the serious increase of the 
chemical warfare (CW) threat. Twenty five nations met and acknowledged that the new 
nitro-cellulose and nitro-glycerine propellants produced the potential of "asphyxiating or 
deleterious gases" being introduced to battle by means of high velocity shells By then no 
such weapons had actually been made but all twenty five nations agreed to ban them, 
with the notable exception of the US 
A major turning point in chemical warfare history was on the 22nd of April 1915 
at Ypres when the Germans introduced chlorine as an offensive weapon. Scheele had 
discovered chlorine gas in 1774 and the Germans decided to use it in a large scale 
chemical attack. This was possible because the Germans had built up on the Rhine a huge 
chemical dyestuffs industry by 1913 and this output was converted in wartime to 
synthesis of explosives and later to poison gases 
At Ypres the Germans released 168 tonnes of chlorine along a four mile front. 
The gas was carried by a light prevailing wind towards the allied trenches. The dense 
chlorine gas resembled a low greenish mist which travelled over to the soldiers, who had 
no protection against CW weapons. The Germans also bombarded the lines with shells 
containing lachrymators over the three^day attack. Precise figures are diflHcult to 
calculate but some 15,000 casualties were reported with 5,000 dying during or soon after 
the attacks. 
The gas was discharged by batteries of twenty tubes placed every 40m along the 
fighting front. When the wmd was Ught and in the cortect direction the gas was simply 
discharged and allowed to drift towards the enemy. The Germans provided the first CW 
protection, which consisted of a cotton pad which was dipped into a sodium carbonate 
and thiosulphate solution to counter the effects of the chlorine as soldiers breathed 
through the pad. 
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The effects of chlorine are dependent on the length of exposure and quantity of 
gas taken into the respiratory system. At high concentrations victims experience feelings 
of suffocation, struggle on the ground momentarily and die. The corpses show contorted 
figures, lips fiinged with blood and foam from their bursting lungs. The exposure causes 
an agonising death. Lower concentrations cause a burning of the throat, creating 
difficulty in breathing and constant coughing. These symptoms are followed by death in 
two days; The chlorine causes secretion of huge quantities of a frothy fluid in the airsacs 
in the lungs. The fluid builds up and the lack of oxygen causes weakness, fatigue and 
lassitude; When tilted forward patients can produce over a litre of the frothy green liquid. 
The lowest concentrations of chlorine ca:used bronchitis in the majority of cases. 
Headaches and debility would last up to several weeks but patients lasting 36 hours 
would generally recover to some extent. 
During the period 1915-1917 there were several novel typies of CW used in the 
battlefield. The pattern developed with new offensive weapons necessitating the 
development of more refined and effective defensive equipment allowing soldiers to 
remain operative in CW conditions. The simultaneous use of lachrymators with chlorine 
meant that the temporary cotton pads were no longer adequate defensive mechanisms. 
The pads were replaced by a flannel veil fitted with eye pieces. The veil had sodium 
carbonate and thiosulphate impregnated, along with glycerol to prevent the cloth drying 
out and losing its protective features. 
The next development in the offensive arena was phosgaie(C6ci2), which the 
Germans had discovered. Phosgene is several times more poisonous than chlorine and 
new defensive measures were developed to cope with this new threat. The anti-chlorine 
solution was changed to include sodium phenolate, and the Russians foimd that 
hexamethylene tetramine was very effective against phosgene so the P H. (phenolate-
hexamine) helmet came into service. The flannel hood or veil shown in figure 1.2.1 had a 
beak-like protuberance which was a primitive exhalation valve. The Germans then 
increased the use of lachrymators, attacking the veil at the eye pieces. This meant that 
the allied forces introduced primitive gas masks or respirators, developed by the British 
to protect against phosgene, chlorine and lachrymators. The air intake was purified 
t 
Figure 1.2.1. Flannel veil introduced in 1915. 
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by passage through a canister containing activated charcoal to remove lachrymators from 
the air stream, soda lime to remove chlorine and phosgene, and some potassium 
permanganate. The face piece consisted of layers of muslin impregnated with sodium 
zincate and hexamethylene tetramine along with goggles for the eyes. This is shown in 
figure 1.2.2. 
By the spring of 1917 the defensive methods developed by the British, despite 
being cumbersome and awkward, had massively reduced CW casualties and coped with 
the continually improving German technology in offensive CW weapons. 
In July of 1917 the Germans developed the next generation of CW 
Biphenylchloroarsine was introduced. This stemuator was basically a cough-inducing 
agent similar to modem C.S. gas. Stemuators are solids with negligible solubility. They 
were vaporised by an explosive charge and the heat formed tiny particles which readily 
penetrated standard mask filters. The induced coughing and potential vomiting forced 
soldiers to remove their niasks making them vUhierable to other agents. The British 
simultaneously developed a stemuator called Adamsite which was used during the war, 
and in more modem times as a riot control agent. To combat stemuators the masks 
needed to incorporate a particulate filter but this seriously restricted air flow and 
hampered breathing. 
Mustard gas was also developed at this point and was initially used on July 12* 
1917 near Ypres. This was a totally new genre of chemical agent. The oily liquid has a 
very low volatility. Mustard gas [(C1CH2GH2)2S] is adsorbed through the skin as well 
as the respiratory system, causing death at low exposures. Mustard gas is categorised as 
a blister agent. It was very difficult to provide protection because it penetrates both 
leather and mbber. . The effects of mustard gas are varied, depending on the level of 
exposure. A slight irritation of the nose occurs and the smell of garlic or mustard is 
noticed at high concentration, but there are no immediate deleterious effects. Exposure 
to the vapour affects the eyes initially, and, i f unprotected, effective blindness occurs. 
Extreme exposure causes false membranes to develop on the tongue and trachea, and 
sometimes the lung tissue disintegrates completely. 
55 
Lower levels of exposure to mustard causes nausea, the skin being irritated and 
inflamed, with blister formation at the sites of the splashing liquid. High concentrations 
of vapour can also cause blistering, especially in armpits and body crevices of the pelvic 
region. The white blood cell count in humans drops so low that the body is a culture 
medium ripe for bacterial attack. Affected persons present a picture of absolute misery, 
with headache, intense depression, insuperable lassitude and fatigue, with extensive body 
wastage, there was no adequate protection against mustard gas during worid war one 
and it became known as the "king of war gases". 
The first-generation chemical defence respirator system from WWl moved on 
from the initial veil to a layered muslin mask with a separate box filter. The filter had a 
separate activated carbon section, and wool-asbestos particulate fiher as shown in figure 
1.2.2. The next protective innovation was the "light-type" rubber mask, coming into 
service at the beginning of the second world war. There were 100 million light-type 
rubber helmets produced with an individual canister containing carbon and a particulate 
filter attached directly to the mask by 1942. The masks were light weight, allowed some 
spoken communication via a speech diaphragm and had specially designed separate thin-
sided spectacles available for soldiers with imperfect sight. 
The advent of the second worid war nerve agents such as Tabun, Sarin, Soman 
and even the VX agents did not necessitate any great improvement in the masks. Nerve 
agents are generally liquids at room temperature but have a large range of volatility. The 
. b p. of Sarin is 151°C, but VX agents have a b p. above 250°C, and are persistent skin 
hazards. These VX agents will cause death in a 70kg male i f a dose in excess of 2mg is 
adsorbed through the skin. The nerve agent is distributed via the blood throughout the 
tissues, where it blocks the enzyme acetycholinesterase. The enzyme controls nerve 
impulses, and when these are inhibited muscular coordination is lost, causing patients to 
die from respiratory failure. Nerve agents were the first CW agents knovra to interact 
with a specific biochemical target. Development moves on with new chemical and 
biological offensive threats. Protective devices to combat the non-volatile liquids have 
evolved into whole body suits (NBC suits) made of impregnated carbon cloth to stop 
adsorption of nerve agents through the skin. 
Figure 1.2.2. Muslin mask with a carbon box fiher. 
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Since the second world war there have been several developments in protective 
equipment. The conflict in Korea is 1952 saw the rubber masks with the eye pieces 
permanently crimped into position instead of being screwed in the mask. 
In 1966 the S6 gas mask shown in figure 1.2.3. was brought into service. There 
was a rubber mask available in four sizes, with an air-bag seal which moved with the 
facial contours. The lenses were made of glass. Prescription ones were available 
eventually. The air flow was guided round the nose and this helped to eliminate misting 
up of the lenses. The filter canister was screwed on either the left or right hand side with 
a small mounting. The main disadvantages were that the rubber was susceptible to attack 
from ozone and sweat and perished quickly making it impermeable. The lenses were also 
very large and no use for optically-sighted weapons. 
The S8 mask was developed but never used. The mask was made with a butyl 
rubber which was much more resistant to degradation but there was no air-bag seal as 
the rubber was not very flexible. The eye pieces were very much smaller and could be 
used for optically-sighted hardware, but they severely reduced the soldier's field of 
vision. 
In 1985 the present S10 respirator was brought into service. The main body was 
made from chlorobutyl rubber with a single reflex flap seal. The rubber is fairly malleable 
and has excellent agent repellence. there is a smgle cast main body with five holes. The 
two eye-holes are filled with easily fitted polycarbonate lenses which are large and 
designed with a view to making optical sighting easy, but also to retaining a large field of 
vision; Cortective lenses are available and interchangeable easily, so logistics are 
considerably improved. There are tvvo side-holes; one for the respirator canister and one 
for either a speech ampUfier or a second canister. The central hole houses a one-way 
valve for exhaust gases and includes a speech horn to aid communication. The mask is 
shown in figure 1.2.4. For comparison, figure 1.2.5. shows the range of repirators 
developed by the MOD at Porton Down siiice 1915. The SIO mask has a drinking tube 
so that fluids can be taken in without damaging the integrity of the system. The mask has 
a hard rubber ridge round the outside to give a good seal when used in conjunction with 
a NBC protective suit. . 1 
Figure 1.2.3. The S6 respirator with a filter canister introduced in 1966. 
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Table 1.2.1. gives a brief resume of the chemical threats developed up to the end 
of world war two. There is information on their structure, actions, bp. and activity. 
Code Common name Chemical strueturs Boiling point/°C Vaoour pressure LC(w LDw EC(w 
zmmMg . /mgminm'^ mg/kg /mgminm'^ 
AC 
CK 
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evanioe HCN(n 
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C0CI,(3) 
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HN-3 Nitrogen mustard (CICH,CH,),NI£I 256 
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GA 
GB 
GD 
VX 
TaPun 
,P. (7) 
(CH,),N. CN 
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C,H,'0 0 
CHj- F • 
Soman 
(CH,1,CCH(CH,)G, .0 
'? ' IS! 
CH,' ' = 
CHj SCH,CHjN(C,H,), 
240 
147 
210 
320 
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Table 1.2.1. Chemical warfare agents used in the period 1915-1945. 
Attached to the respirator masks are filter canisters through which the airstream is drawn 
and purified, during inhalation. Present British SIO respirator canisters consist of two 
elements (see figure 1.2.6): 
1. - A high-eflSciency particulate filter consisting of coated glass fibres 
2. A high eflScency vapour-adsorption layer of impregnated active carbon. The 
carbon bed is downstream of the particulate filter; so that any vapour fi-om trapped 
particles is picked up by the carbon. 
Figure 1.2.4. The current SIO respirator. 
Figure 1.2.5. The respirator development at Porton Down fi-om 1915 onwards. 
Figure 1.2.6. A section through a fiher canister. 
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The S6 respirator had the canister design shown in figure 1.2.7, with the airstream 
passing through a resin/wool particulate filter before the activated carbon bed. 
-I—Resin and wool particulate filter 
Activated carbon bed 
fTaniater mnnnting 
Small hole in the outer casing for inhalation 
Figure 1.2.7. Section through the S6 repirator filter canister. 
The next respirator canister, shown in figure 1.2.8., had a linearly-pleated glass fibre 
particulate filter and a 27mm carbon bed. The canister had a multi-hole front to help with 
air-flow intake through all the carbon. 
Glass fibre particulate filter 
Activated carixm bed 
Sevoal holes to qoead 
tfifi flir flow tfnon^^ ttic 
filto. 
Linealfy pleated glass fibre filter 
Figure 1.2.8. Section through the S8 respirator filter canister 
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The present SIO respirator has a glass fibre/cloth particulate filter pleated radially 
to decrease resistance to air flow. The carbon bed is only 23mm deep but snow-storm 
filled for maximum adsorption and hence protection. The case is louvred to help with air 
intake and exposure of all the carbon as shown in figure 1.2.9. 
^ ^ ^ - v - v ^ . Louvied case for air intake 
. Glass fibre particulate filter 
, Activated catbon bed 
Canister mm mting 
Radially pleated glass fibre filter 
Figure 1.2.9 Section through the SIO respirator filter canister. 
For a given gas-solid system the quantity of gas adsorbed is dependent on 
pressure and temperature as well as the surface properties of the adsorbent. Solids of a 
non-porous or macroporous nature show a direct relationship between amount adsorbed 
and surface area. Microporous and mesoporous solids have an adsorption dependence on 
pore-filling mechanisms, especially for micropores at low relative pressures, where the 
gas-solid interactions are enhanced in the constricted pores. ; 
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For respiratory protection the micropore adsorption is vital and requires very fast 
adsorption as the gaseous dwell time on the activated carbon is quite short. The pore 
structure must be readily accessible so the macropore transport channels are very 
important, leading easily to the micropores for efficient adsorption kinetics. The 
micropores physisorb. various gases on the surface including water vapour. However 
some agent gases are only weakly physisorbed at ambient temperatures. In these cases 
activated carbon alone is not sufficient protection, so the carbons are impregnated with 
various chemicals which provide chemisorption sites for target agent molecules. Table 
1.2.2. gives a brief outUne of the impregnants and their purposes. 
Chemical Approx % by weight Target toxin 
Copper 7% HCN 
Chromium trioxide 5% HCN 
Triethylenediamine(TEDA) 1% CICN, pm to PV 
Silver <0.1% Phosgene 
Table 1.2.2. Target agents for the impregnants added to the activated carbon. 
Clearly understanding of the physiochemical nature of adsorption by activated 
carbons, encompassing both structural and dynamic aspects, is vital for CW defense, yet 
currently only a few studies have addressed such issues with any substantial success. 
NMR, being isotope-specific and giving excellent discrimination between chemical 
species, is an ideal tool for probing surface species (although signal intensity can be a 
problem). The object of the present project was to use solid-state NMR to advance 
understanding of the adsorption process in activated carbon. It is hoped that this v^ dll 
contribute to the next generation of advances in respiratory protection against chemical 
agents. 
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1.3. NMR theory 
The NMR experiment gives information about the chemical environment of a 
nucleus. The spectrum gives a specific chemical shift and an observed linewidth which 
can be used to provide information about this environment. This work uses adsorbate 
molecules to probe the activated carbon substrate. The NMR data can provide 
information about the envirormient of the adsorbate molecule and hence provide details 
about the carbon substrate. 
1.3.1. Factors affecting linewidths 
The solid-state NMR line is broadened by either homogeneous interactions, 
that aflFect the whole band in the same manner, or inhomogeneous interactions, that 
arise from several overlapping factors. The linewidth of a static spectrum is influenced 
by shielding anisotropy (SA), dipolar interactions, and in some cases quadrupolar 
interactions. These interactions are orientation dependent and broaden the observed 
line. In solid samples the molecules are held rigidly, with only restricted motion 
possible. The molecules can have any orientation and this causes a broadening of the 
observed line. 
Dipolar interactions 
Nuclei with magnetic moments produce small localised magnetic fields at other 
magnetic sites. The resonance frequency depends on the local field at the site of the 
resonatmg nucleus, and the local field varies throughout the sample due to the different 
spin and spatial orientations of neighbouring nuclei. The local field typically varies over 
a range of several mT. There will be a significant spread in the resonance frequencies 
resulting in a linewidth broader by several orders of magnitude than the typical line 
from a hquid sample. The broadening effect caused by these dipole-dipole interactions 
is termed dipolar broadening and can be of the order of tens of kilohertz. Homonuclear 
coupling is a homogeneous, and heteronuclear coupling is an inhomogeneous, 
broadening effect. 
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In liquid samples, the molecules typically execute rapid and random rotation so 
the dipole-dipole interaction has no time-averaged effect on resonance frequencies. 
This means that the Une is not broadened by dipolar interactions for liquids, so 
linewidths of tenths of Hz can be observed. 
Shielding anisotropy 
Shielding anisotropy also broadens the line in the NMR of soHd samples. The 
chemical shift in an NMR adsorption line is the displacement of the resonance 
frequency due to a local field produced by a variation in the electron orbits in the 
strong external magnetic field necessary for the NMR experiment. In general the 
chemical shift is a tensor rather than a scalar, since the chemical shift depends on the 
orientation of the molecule with respect to the external field. In a polycrystalline 
sample, molecular orientation v^ll vary from crystaUite to crystallite, giving a 
contmuous spread in the shifted lines. This spread of chemical shifts provides an extra 
source of inhomogeneous broadening in the solid-state and gives linewddths in the 
kilohertz range. In a Uquid sample, the rapid random rotation of the molecules 
averages the molecular orientation to a single value so the nuclei resonate at only a 
single frequency. The observed Une is therefore not broadened, and at the average 
chemical shift for liquids. 
Quadrupolar interactions 
When a quadrupolar nucleus is placed in a magnetic field the Zeeman and 
quadrupolar energy terms need to be considered. If the Zeeman term is dominant then 
the magnetic field rather than the electric field determines the direction of quantization. 
The energy levels are essentially those of NMR perturbed by quadrupolar effects. For a 
single crystal containing nuclei with only one direction, the spectrum will consist of 21 
lines spht by 0.75(3cos29-l)/(2I-l), where I is the nuclear spin and G is the angle 
between the external magnetic field and the molecular axis. In a powder all values of 0 
are possible and a powder pattern results. For spin-1 nuclei, the powder pattern takes 
the same shape as that arising from dipolar interactions. This is termed a Pake doublet. 
In solid systems the quadrupolar effects are generally larger than dipolar effects 
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because of the large quadrupolar coupling constant (x) magnitudes. Quadrupolar 
broadening is inhomogeneous and can give solid linewidths of several tens of 
megahertz. 
In a liquid sample, the rapid-random rotation of the molecules averages the 
quadrupolar energy by randomly varying 0. Consequently only a single NMR 
adsorption is observed. However in most cases the averaging is not efficient enough to 
give a sharp line, though for deuterium the observed linewidths can still be less than a 
hertz. The observed line is therefore not broadened, and at the average chemical shift 
for liquids. 
Unpaired electrons can cause inhomogeneous broadening in the static case with 
the electrons not relaxing. The activated carbon substrate does contain some unpaired 
electrons at edge-dislocations, which act as primary adsorption sites. However the 
small amount of these sites means that they probably would not significantly affect the 
bulk linewidth of the adsorbate. 
Motional narrowing 
The linewidth for intermediate systems can lie between the liquid and rigid solid 
scenarios. These intermediate linewidths are attributed to broad solid lines narrowed, 
to a certain extent, by molecular motion. 
Molecules which have rapid anisotropic motion, for example along a molecular 
axis, often exhibit linewidths in the hundreds of hertz range. The dipolar coupling is 
orientation dependent and the anisotropic motion causes the broad solid linewidth to 
scale according to the value of 9 (The angle between the apphed magnetic field and the 
axis of motion). The value of 0 depends on the orientation of rotation axis compared 
to the external magnetic field, and scales the linewidth by (3cos29-l). The linewidth is 
then comprised of residual static dipolar interactions. 
I f the molecular motion is only moderately fast isotropic motion then the 
dipolar interaction is not completely averaged, causing the linewidth to increase from 
liquid values. The quadrupolar broadening can similarly affect the linewidth, if the 
motion is not sufficient to average the quadmpolar energy. 
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The intermediate linewidth could also be attributed to a distribution of chemical 
shifts. I f the nuclei are in a range of environments with similar isotropic chemical shifts, 
then the lines overiap, causing a broad line to be observed. 
1.3.1.1. Magic-angle spinning (MAS) 
The magic-angle spinning experiment(^ ) is used in solid-state NMR to remove 
the effect of shielding anisotropy. The experiment involves rotating the solid sample in 
a specially designed rotor. The rotor is spun about an axis at 54.7° to the applied 
magnetic field BQ The induced motion along this axis averages the orientation 
dependence of the shielding anisotropy given by (3cos29 -1), to zero. MAS can only 
fiilly average the chemical shift anisotropy to zero if the spinning rate is greater than 
the -width of the powder pattern. Homogeneous broadening effects require spinning 
speeds 5 times the interaction to fiilly narrow the lines. Inhomogeous interactions 
break up into spinning side-bands at modest spinning speeds. MAS is therefore often 
not capable of averaging the dipolar or quadrupolar interactions because the 
broadening can be several tens of kHz and the sample can not be spun that fast. The 
MAS experiment also averages the bulk magnetic susceptibility to zero^ .^^ ) because it 
also has an orientation dependence of (3cos20 -1). 
The MAS experiment will reduce the Unewidth for soUd samples by averaging 
the shielding anisotropy to zero. However Suwelack et al found that MAS will not 
readily remove all the linewidth observed for molecules v^th considerable molecular 
motion. Figure 3.1.1 shows the linewidth as a fiinction of correlation tune for isotropic 
molecular motion and a symmetric axial shielding tensor, the relative effect of two 
MAS spinning rates are shown. 
The increased linewidth observed for systems v^ dth intermediate motion 
compared to hquids, arises because of the time dependency of the MAS experiment. 
When the molecular motion and MAS have similar frequencies the time-dependent 
effects are convoluted, producing sum and difference frequencies. When this difference 
frequency is close to zero then the interaction contributes to the relaxation process and 
hence the linewidth increases. 
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Figure 3.1.1. The effect of MAS on linewidth, for varying rates of molecular motion. 
Clearly in systems with intermediate motion, MAS does not completely remove 
the line-broadening effect of shielding anisotropy. MAS will readily narrow cases with 
rapid anisotropic molecular motion broadened by residual static dipolar interactions, 
but will not easily narrow systems with insuflficent motion. 
1.3.1.2. Decoupling 
One experimental technique used to remove the dipolar coupling interactions 
between the observed nucleus and protons is termed high power proton-decoupling. In 
solid-state NMR the broadening caused by dipolar coupling of protons can be removed 
by decoupling. Decoupling involves rapid transitions between the a and P states of the 
proton. The observed nucleus sees an average of the two states and the splitting of the 
observed line collapses. The rf power input has to be very large to stir up the proton 
spins in the broad-line proton NMR signal. 
The high power proton-decoupUng experiment will reduce the linewidth for 
solid samples by averaging the dipolar coupling to zero. However Rothwell et al 
found that decoupling will not remove all the line-width observed for molecules with 
motion between the solid and liquid state. Figure 3.1.2 shows the linewidth as a 
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fiinction of correlation time for isotropic molecular motion and dipolar coupling 
(rcH=0.11 nm), the relative effect of two decoupling powers are shown. 
\ Wiflrno 
decoiQiliiig 
TncTpaMtng 
/ decoi^ler 
power 
Slow 
motian 
ks ' Fast moftian 
Figure 3 .1.2. The effect of high-power proton decoupling on linewidth for varying 
decoupling powers. 
Clearly m systems with intermediate motion, decoupling does not completely 
remove the line-broadening effect of dipolar interactions. The increased linewidth 
observed for systems with intermediate motion compared to liquids, arises because of 
the time dependency of the decoupling (expressed as YBi/27C). When the molecular 
motion and decoupling have similar frequencies the time-dependent effects are 
convoluted, producing sum and difference frequencies. When the difference frequency 
is close to zero then the heteronuclear dipole interaction contributes to the relaxation 
process and increases the linewidth. 
1.3.1.3. Variable temperature experiments 
Molecular motion in the intermediate regime can be changed by variation of the 
sample temperature. I f the temperature is reduced then the motion is slowed dovm, 
making the sample more like a solid. This may reduce the observed linewidth for 
experiments v^th MAS and high power proton-decoupling. If the temperature is raised 
then the molecular motion is increased, and the sample behaves more like a liquid, v^th 
an associated reduction in linewidth. These reductions in linewidth can only be 
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introduced i f the variation in temperature is sufficient to dramatically change the 
molecular motion. Figures 3.1.1/2 show that the linewidth has a motion dependency, 
where either increased or reduced motion may lower the observed linewidth. 
1.3.1.4. Adsorbent-adsorbate systems 
The activated carbon systems with adsorbate molecules are intermediate 
between rigid solids and liquids. The observed linewidths are around 180 Hz for the ^H 
NMR of 2H2O and 250-300 Hz for the 3lp NMR of phosphates. High-resolution 
spectra were obtained using a MAS speeds of 3-4 kHz and a single-pulse regime. 
Figure 3.1.3 shows the ^H NMR of 10% w/w ^HjO adsorbed onto SC2 
carbon. The initial spectrum (A) is static and proton decoupled, and (B) is static but 
not decoupled. Spectrum (C) is spun at 3 .5 kHz with no decoupling and (D) is spun at 
3.5 kHz and decoupled. The static spectrum has a linewidth of 340 Hz. which does not 
vary significantly when the protons are decoupled. The MAS at 3.5 kHz reduces the 
linewidth to 180 Hz and once again proton decoupling does not affect the linewidth. 
The static linewidth for the activated carbon-adsorbate systems is of an 
intermediate character. This may arise from many possible origins, for instance dipolar 
mteractions involving adsorbate molecules with rapid anisotropic motion, moderately 
fast isotropic motion or intermolecular interactions with surface protons even with 
isotropic motion of the adsorbate near the activated carbon substrate. Such dipolar 
interactions are not completely averaged by this motion so the residual interactions 
broaden the line. Figure 3.1.4 shows how the molecular motion cannot remove the 
dipolar coupling when the molecule is associated with the surface, since the averaging 
effect over all distances retains H,H interactions. 
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Figure 3.1.3 shows the ^H NMR of 10% w/w 2H2O adsorbed onto SC2 carijon. The 
initial spectrum (A) is static and proton decoupled, (B) is static but not decoupled. 
Spectrum (C) is spun at 3 .5 kHz with no decoupling, and (D) is spun at 3.5 kHz and 
decoupled. 
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Figure 3.1.4. Schematic diagram showing the average dipolar interaction between the 
adsorbate and carbon surface. 
The dipolar interaction can only be completely removed by translation of the adsorbate 
molecule away from the surface. However, rapid isotropic motion will average 
intramolecular dipolar interactions even for adsorbed molecules. 
The adsorbate molecules have motion in between solids and liquids. However 
variable temperature experiments have failed to change the molecular motion 
sufficiently enough to reduce the observed linewidths any fiirther than the MAS 
experiments at ambient temperature. 
The NMR experiment can distinguish between some interactions to help 
explain the origin of the observed linewidth in the adsorbate systems. A dispersion of 
chemical shifts definitely causes an inhomogeneous broadening, and can be 
differentiated from homogeneous broadening by looking at the natural linewidth value 
derived from T2 experiments, as explained in chapter 6. Residual static interactions can 
be removed using MAS although motion can complicate the broadening. Figure 3,1.3 
clearly shows that MAS does narrow the line so some residual static interactions are 
present in the system. Heteronuclear dipolar interactions can be removed by 
decoupling and are affected by MAS, but figure 3.1.3 shows that decoupling has little 
effect on the peak width. This shows that heteronuclear broadening is not a major 
broadening effect for the adsorbate systems. Homonuclear dipole interactions can also 
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be discounted because the phosphorus interactions would be small because the 
intemuclear distance is large. The deuterium nuclei have small homonuclear coupling 
constants (D), because they are proportional to the square of the gyromagnetic ratio 
(y^. This is a very small value for the deuterium nucleus. 
1.3 .2. Influences on chemical shifts 
The chemical shifts observed in NMR experiments are directly related to the 
shielding effect of the electrons around the observed nucleus. This enables the chemical 
shift to be used to provide information about the environment of the adsorbate 
molecule. I f several environments are very similar then the chemical shifts will also be 
similar, and the lines can overlap. This overlap also causes the observed linewidth to 
increase. Adsorbates in pores with similar dimensions will have a distribution of shifts, 
with the peaks overlapping. The observed chemical shift in this case will be a weighted 
average arising from a distribution of similar environments. The rotational motion of an 
adsorbed molecule at a surface will not eliminate the effect of the surface on the 
isotropic shift of the adsorbate. 
The activated carbon substrate consists of layers of graphitic sheets folded back 
on each other to provide an extensive surface area for adsorption. The graphitic sheets 
have a delocalised 7r-electron cloud and associated ring currents. It is possible to use 
the chemical shift data from the adsorbates to infer the distance of the adsorbate from 
the graphite plane. 
The effect of an external magnetic field on these ring currents can be modelled 
by looking at benzeneC )^. When the magnetic field is applied the ring currents produce 
an induced magnetic dipole moment. Outside the benzene ring this reinforces the 
external field (Bo) and inside the ring it opposes the field. As a simple model, the 
benzene ring can be treated as a ring of six electrons, which precess about the ring 
when a magnetic field is applied perpendicular to the plane of the molecule. The ring is 
like a circular wire of radius r (the C-C bond length 1.40 A) with an electron current 
flowing around it. The induced dipole moment giving rise to (Bring) can therefore be 
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calculated. The magnetic susceptibility is highly anisotropic, since there is no free 
electron current i f Bo lies in the plane of the ring. 
I f we use equation 3.1,1^^^ then the shielding constant can be calculated by; 
-A6 = Brmg(l-3C0S )^/R^ 
Equation 3.1.1. 
where R is the distance from the ring and A5 is the change in chemical shift induced by 
the ring current. 
Equation 3.1.1 gives a ring current effect on the chemical shift, of 1.75 ppm for 
the proton attached to a carbon atom in a benzene ring. This uses a C-H bond length of 
1.09 A for the calculation. The observed chemical shift for the proton when moving 
from cyclohexa-l,3-diene to benzene is 1.4 ppm, so the equation is reasonably valid. 
The equation has also been used to look at 1,4-polymethylene benzenes^ *\ where the 
methylene protons in the bridge do show the expected shift to low frequency. Values 
of 3-4 ppm have been reported. 
Equation 3.1.1 has been applied to the activated carbon systems to see i f the 
large chemical shift to low frequency can be explained using ring current effects. The 
graphite is assumed to behave as single benzene rings with the water molecule sat at 
the centre of the ring of 7C-electron density. 
Figure 1.3 .5 shows a simple model of the adsorption of 2H2O onto the 
activated carbon surface. The ring currents are shown and the induced magnetic dipole 
moment. 
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R ingcunen t s 
Induced 
magnetic 
field 
Electron cloud 
Figure 3.1.5. Schematic diagram showing the effect of induced ring currents in a 
magnetic field on adsorbed molecules. 
The model is very simplified but can be applied to the activated carbon 
substrate i f the graphite plane is assumed to be regular. Equation 3 .1.1 gives a value of 
1.65 A for the distance between the plane of the 7C-electron cloud and the nuclei in 
adsorbed water, i f a standard chemical shift value of -6 ppm is inserted. The model 
calculation assumed that the water molecule sits between two walls of a slit-shaped 
pore, with shielding effected by both surfaces. The model is not very accurate with 
many assumptions, but does show that the observed chemical shift of -6 ppm could be 
caused by ring current affects. These arise from the adsorption onto graphitic surfaces 
within slit-shaped pores. 
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3.1.3 The effect of paramagnetics '^' 
The activated carbon substrate contains several paramagnetic impurities. The 
paramagnetic centres affect the relaxation properties of the adsorbate, which means 
that the observed T i and T2 values are not directly comparable to the adsorbate's 
motion. Zeolite systems with paramagnetic centres have been studied by Thangaraj and 
Ganapathy (1^). They have observed non-exponential decay of the longitudinal 
magnetisation which can be explained by theory. The transverse magnetisation is 
broadened homogeneously by coupling to paramagnetic centres, and inhomogeneously 
due to the bulk susceptibility of the material. 
I f an adsorbate is directly associated with a paramagnetic centre then the 
chemical shift can vary markedly (observed ' H shifts cover some 200 ppm). This 
contact interaction involves transfer of unpaired electron density, causing either 
positive or negative shifts, depending on the electron distribution. In the activated 
carbon systems there are not very many paramagnetic sites available for direct contact 
vnth the adsorbate, so no major changes in the observed isotropic shifts are observed. 
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Chapter two Experimental 
2.1 The ISJMR spectrometer 
The NMR analyses were all carried out using a Chemagnetics CMX200 
spectrometer. The spectrometer used an Oxford instruments wide-bore (89.5 mm) 
superconducting magnet with a magnetic field strength of 4.7 T. This gives resonance 
frequencies of 200.13, 81.02 and 30.72 MHz for ^H, 31p and nuclei respectively. 
The CMX200 is a three-channel spectrometer; these are equivalent and capable 
of irradiation over all possible frequencies. Digital pulse generation and phasing make 
many sophisticated experiments viable. The system was controlled by a Sun work-
station interface, and the experimentalist used the CMXW software package for 
acquisition, file-storage, automation and plotting. Transmitter power levels could be 
set manually by dials on the spectrometer, through the keyboard or within a pulse 
programme. More eflBcient operation was possible via the implementation of macros -
for setting tuning conditions, running variable-parameter and time-delay experiments 
and contiguous plotting. 
A Chemagnetics "HX" dual-channel double-bearing probe was used for 
acquisition over the whole frequency range for the experiments. Tuning to a particular 
nucleus required insertion of the suitable capacitor in the probe. The probe used 7.5 
mm Zirconia pencil rotors which had a sample capacity of ca. 500 mg. The sample was 
packed between a PTFE end-cap and spacer; the bottom of the rotor then had a fluted 
Kel-F drive tip inserted. Spinning rates of up to 6 kHz were obtainable, but high-
resolution spectra required only. 3 kHz so this speed was generally used for the 
experiments. The experiments sometimes required a sealed system. A technique for 
producing sealed glass ampoule-inserts for the pencil rotors, capable of spinning at 3 
kHz, was developed and is described later in the chapter. 
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2.1.1. The optimisation procedure 
Prior to acquisition of spectra several tuning procedures need to be followed to 
optimise and standardise the performance of the spectrometer. The experimentalist 
must set the magic-angle, optimise shimming coils, set the 90° pulse and reference the 
chemical shift for the observed nucleus. 
The orientation of the rotor relative to the magnetic field was set to the magic-
angle using either of two methods. It is possible to maximise the rotational echoes in 
the 79Br FED of solid KBr. The shape of the NO3 peak in the spectrum of a 
NH4NO3 sample (20% enriched) was also used to set the angle. Small deviations from 
the magic-angle do not affect the spectra in the experiments reported herein, so the 
angle was not set prior to each spectrometer session. 
Shimming involves the fine adjustment of coils within the magnet to achieve a 
homogeneous magnetic field. Setting the shims from scratch is a very lengthy process 
described in the literature. When this had been carried out for the "HX" probe then 
the values were stored in the computer in the shims file. For each experiment session it 
was then only necessary to recall the file and perform small adjustments. The small 
adjustments were optimised by maximising the ^H FID for PDMSO. 
In an experiment using a simple pulse sequence the optimum sigiud intensity is 
observed when the pulse induces a 90° nutation of the sample's bulk magnetisation. 
This means that the 90° pulse duration needs to be determined to obtain good signal to 
noise ratios. This can be achieved by obtaining the null point corresponding to a 180° 
pulse. It was necessary to be careful because the carbon samples, used in the 
experiments, had a large bulk conductivity caused by the graphitic sheets within the 
sample. This meant that the 90° pulse duration was longer than the reference sample 
so the 90° pulse had to be reset on the test sample after the reference sample was run. 
The sample's conductivity sometimes made the RF circuit hard to tune and match but a 
smaller sample mass in an insert or the addition of flowers of sulphur to the sample 
negates this problem. 
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The experiments performed on these samples are all basic pulse sequences. The 
state of the adsorbate is between gas and liquid so cross-polarisation from the proton 
nuclei is not possible. The rapid molecular motion of the adsorbate means that the 
Hartmann-Hahn matching condition cannot be achieved. This molecular motion also 
causes the heteronuclear dipole interactions between the ^^ P or ^H nuclei, with 
protons within the sample to be averaged out. Decoupled experiments therefore exhibit 
similar line-widths as those observed using the single pulse regime. 
The phosphorus spectra were referenced to an external sample of brushite 
(CaP04.H20) at a chemical shift of 1.2 ppm. The deuterium spectra were referenced 
with respect to a sealed sample of 2H2O (99.99% enriched from Aldrich) at a chemical 
shift of 0 ppm. The quoted chemical shifts in this thesis are given to an accuracy of ± 
0.1.ppm. 
2.1.2. Acquiring the spectra 
The nuclei studied in the experiments are and ^H nuclei present in the 
adsorbates as probe molecules. Table 2.1.1. lists the relevant spectroscopic data for 
these nuclei. 
Nucleus Spin, I Natural Sample C^omagnetic Relative 
abundance abundance ratio, y receptivity 
% % 10''rad T-i s-» t o l H 
I H 1/2 99.98 99.985 26.7519 1 
31p 1/2 100 100 10.841 0.0665 
2H . 1 0.015 99.99 4.1066 9.6x10-' 
Table 2.1.1. Spin properties of the nuclei studied in this work. 
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acquire the data. The single pulse with no decoupling experiments used the 'Ipulse' 
programme. The time-delay experiments also used the Ipulse programme in 
conjunction with the Delay macro purpose written by the experimentalist. The T i 
relaxation time was determined by inversion recovery using the ' t l i r ' pulse-
programme. The T2 experiments were performed using two pulse programmes, 
'Fullecho' and 'Hahnecho'. These were purpose-written by the experimentalist to 
achieve and observe a Hahn-echo sequence. 
Some spectral parameters are listed for each spectrum in this thesis, especially 
pulse delay time, number of acquisitions and time-delay between experiments, as these 
were liable to vary between spectra. The more typical parameters such as the spinning 
speed of 3 kHz are given here. The dwell time and number of points acquired for each 
spectrum were chosen to provide reasonable spectral widths and acquisition times. 
2.2. Calculation of relaxation times 
This work contains experiments that determine T i and T2 values for activated 
carbon systems with adsorbates. The spin-lattice relaxation times have been determined 
using the inversion-recovery sequence. The spin-spin relaxation times were determined 
using the Hahn-echo pulse sequence. Each relaxation experiment uses the one-pulse 
sequence and the delay time tau is varied using a macro collecting FID's for each time 
value. Spectra are then obtained using constant apodization, fourier-transformatioiL, 
baseline-correction and phasing. Peak picking can then provide lists o f signal intensity 
relative to the changing time parameter. This provides a series of data points from 
which the relaxation time can be calculated. 
SPSS for MS windows version 6.0 has been used for all fitting procedures. The 
program uses the Levenberg-Marquardt estimation minimising the squared residuals 
with no constraints. The data calculated from the analysis give a value for the 
relaxation time and asymptotic 95% confidence limits for the error margins. The 
equations used for the calculations are given in equations 2.2.1. and 2.2.2: 
Inversion recovery 
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Mz(t) - Mo. = [Mz(0) - M~] exp (-T/Ti) 
Equation 2.2.1. 
Hahn-echo 
My(t) = My (0) exp (-T/T2) 
Equation 2.2.2. 
Figure 2.2.1. shows the inversion-recovery experiment for a typical '^P- and ^H-
containing adsorbate on activated carbon. The presence of paramagnetics means that 
precise values for Ti are not intrinsic. To ensure that complete relaxation occurs 
between pulses a pulse delay of at least 5Ti is required. The inversion-recovery 
sequence gave values of '^P Ti = 60 ± 4 ms and a ^ Ti value of 210 ± 24 ms. This 
means that recycle delays of 2 s ensure complete relaxation between pulses for 
experiments observing either nucleus. 
2.3. Samples 
The samples of carbon were all provided by the MOD at Porton Down. The 
adsorbates were all obtained from Aldrich. 
2.3 .1. Carbon substrates 
The substrate samples are all activated carbons that are of interest to the MOD 
for use in the respirator canister filtration system. The MOD provided samples of M y 
activated carbons coded as BPL, SC2 and ASZM. Some experiments have been 
carried out on the unactivated BPL and SC2 carbons and partially activated derivatives 
prepared by Dr. M . Thomas at Newcastle university. 
The carbon samples are all provided in the granular form used in the respirator 
canisters. Table 2.3.1. provides further infonriation about the activated carbon samples. 
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Figure 2.2.1. Stacked spectra of the inversion recovery experiment for (A) a typical '^P and (B) 
a -Ti containing adsorbate. adsorbed onto activated carbon. 
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Sample Carbon 
origin 
Total pore 
volume 
(mlg-') 
Micropore 
volume 
(mlg-') 
Mesopore 
volume 
(mlg-') 
Impregnants 
. SC2 Coconut 
shells 
0.57 0.34 0.13 None 
BPL Coal 0.65 0.22 0.18 None 
ASZM Coal . 0.41 0.15 0.04 Cu, Ag, 
Mo, Zn 
Table 2.3.1. Table listing the typical characteristics of the activated carbons. 
2.3 2. The adsorbates 
The following adsorbates were obtained from Aldrich for use as probe 
molecules for adsorption by the activated carbons. 
2.3.2. l . ^ l p containing adsdrbates 
Triethyl phosphate (TEP), Trimethyl phosphate (TMP), Dimethyl methyl 
phosphonate (DMMP) and Cyclohexyl methyl methyl phosphonate (PP) 
MeOv ,.'OMe p 
TMP 
EtO.^ ...lOEt 
TEP 
MeOv ...'OMe 
DMMP 
MeOv ...''0 
PP 
2 3.2.2. 2H containing adsorbates 
2H2O 99.99% enriched 
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2.4. Sample sealing 
To study adsorbent-adsorbate systems it is necessary to create sealed systems 
with controlled adsorption. The system has to be small enough to fit into a MAS rotor 
and have sufficient symmetry to spin at 3-4 kHz. The following section describes how 
this can be achieved using small glass ampoules. The ampoules are inserted into CMX 
7.5 mm MAS rotors after adsorption. There are sbc major steps to make the ampoule 
containing a sealed system. 
2.4.1. Preparation 
Initially a fifteen centimetre length of 6mm diameter of thin walled glass tube 
was cut, as shovm in figure 2.4.1.(A). A section of wider diameter glass was then 
joined on so the tube can be attached to the vacuum line, as shovm in figure 2.4.1 .(B). 
Both ends of the glass tube were then placed on the glass lathe and rotated at 
an intermediate speed. Two constrictions were made at one and four centimetres from 
the narrow end as shovm in figure 2.4.1.(C). These were produced by heating at the 
appropriate position, then, when the glass glowed red, one end of the tube was pulled 
out half centimetre. The constrictions should be approximately 1 mm in diameter. 
The final preparation stage involved sealing the end of the tube and is shown in 
figure 2.4.1.(P). The large end of the tube was held in the lathe and rotated quickly. 
The narrow end of the tube was then heated until it glowed red and was sealed off. At 
this point a carbon block was applied to the seal to flatten it as much as possible. I f 
necessary a heated glass rod was used to remove any excess glass. The base needs to 
be flat so that it packs easily into the rotor and the ampoule spins better i f the excess 
weight of superfluous glass is removed. The remaining tube has to be strong enough to 
withstand the vacuum pressure. 
PREPARATION 
A) Glass rod 
ISOmm 
B) Vacamn line adqitBT 
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C) Constrictions 
Constridioii 
A 
Rotate 
HEAT 
D) Sanqde seal 
Qlasstod 
HEAT 
Figure 2 .4.1 Schematic diagram of the preparation process. 
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2.4.2. Sample addition 
The sample was then placed into the bottom of the glass tube. The sample has 
to be added to the tube using a spatula. The granules have to be poked through the 
constrictions using a thin copper wire. The process can be quite time consuming if the 
constrictions are narrow. The sample should fil l a maximum of 70 % of the lower 
compartment of the sample tube. 
The final addition to the tube was a peice of glass wool which was placed at the 
top of the four centimetre constriction. The glass wool prevents any of the sample 
being sucked away when the tube is evacuated. 
2.4.3 . Vacuum techniques 
The glass tube was placed onto a vacuum line as shown in figure 2.4.2. The 
taps to the sample and the adsorbate were initially closed and the rest of the system 
pumped down. Slowly the tap to the sample tube was opened so that the tube was 
evacuated and the sample did not suck out of the tube. I f necessary it is possible at this 
point to leave the system to dehydrate at 400°C for 24 hours. Heating is carried out 
using a sand oven or metal block heater and is especially useful for zeolite systems. 
The next stage was a freeze-pump-thaw cycle which was repeated five times to 
remove any adsorbed gases. The tube was mitially held in liquid nitrogen, pumped 
down and then allowed to thaw to room temperature. The sample was then frozen at 
liquid nitrogen temperature once again and the tap to the adsorbate opened for the first 
time. The system was allowed to equilibrate for one hour before the tap was shut off 
again. 
It is possible to measure the adsorption quantitatively using this system. 
Initially the volume of the vacuum line has to be measured, then the initial and final 
pressure within the system noted from the Pirani gauge. The moles actually adsorbed 
can then easily be calculated using the gas laws. 
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AdsodntD. 
Figure 2.4.2. Schematic diagram of the vacuum line assembly. 
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2.4.4, Rough sealing 
After the adsorption had been carried out, the tap to the vacuum pump was 
closed. The top constricton was then heated, while the tube was on the vacuum line, 
using a hand torch with a small, strong blue flame. When the glass glowed red, the 
tube was pulled down using a pair of tweezers to seal it off", as shown in figure 2.4 .3. 
The seal is only rough, but it is important to pull down vertically so the tube 
will fit onto the lathe. The remaining ampoule remains under reduced presure and 
contains a sealed system. 
ROUCfflSEAL 
A 
Rough seal 
B) 
PaU 
Figure 2.4.3. Schematic diagram showing the rough seaUng process. 
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2.4.5. Accurate seal 
The accurate seal was achieved using a pair of specially designed brass holders 
as shown in figure 2.4.4. The five-centimetre rough ampoule was placed in the stock 
so that the constriction at one centimetre just showed, then the head was screwed on 
to hold it in place. 
Stock Head 
Sample cavity 
Figure 2.4.4. Diagram showing the specially designed brass holder. 
The one stock with the ampoule was then placed into Uquid nitrogen so that the 
Uquid level covered the sample as shown in figure 2,4.5. 
Liquid nitrogen 
Insulated container 
Brass sample holder 
Figure 2.4.5. Diagram of the cooling process. 
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The frozen stock was then placed onto the lathe and the other end of the glass 
placed into a stock at room temperature. The glass was then rotated very quickly as 
shown in Figure 2.4.6. The constriction was then heated until red and the brass holders 
pulled apart. The seal was once again neatened using a glass rod. 
t HEAT 
Figure 2.4.6. Diagram showing the lathe setup for the accurate seal. 
The sample does not heat up significantly because the brass has a much larger 
thermal conductivity and specific heat capacity than the glass ampoule. When the brass 
holder has returned to room temperature, the glass ampoule was removed by placing 
tweezers in the slits under the ampoule. Figure 2.4.7. shows the position of the 
ampoule when it has been sealed and the shape when it has been extracted from the 
holder. 
Ampoule 
Sample 
Figure 2.4.7. Diagram of the sealed ampoule in the stock. 
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2.4,6. Packing the rotor 
The rotor has to be packed very carefixlly so the ampoule can spin at the very 
fast rates that MAS requires. The glass tube is selected very carefiilly so that it fits 
neatly into the rotor. The Chemagnetics 7.5 mm pencil rotor is extremely stable on the 
spinning axis and the design makes ampoules easy to accommodate. The rotor opens at 
both ends so that the ampoule is easy to remove, and the stability means that even 
ampoules with slight imperfections in symmetry will spin. 
The rotor has to be packed as shown in figure 2.4.8. The drive tip and spacer 
are placed in the bottom of the rotor and then some packing powder is added. The 
packing powder has to be fine and show no NMR signal for the nuclei studied. In my 
experiments I use flowers of sulfiir or sodium chloride. The ampoule is then bedded on 
the powder and the top filled with more packing powder. The end cap is then inserted 
tightly and the rotor spun at upto 4 kHz. 
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CMX 7mm MAS sample rotor 
Teflon rotor end cq) 
with a screw tliread 
for sample extraction 
Sample ampoule 
Ceramic rotor 
Flowers of sulphur 
packing powder 
Teflon end spacer 
Drive tip 
Figure 2.4.8. Diagram of the pencil rotor packed v^th the ampoule. 
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Chapter s Deuterium results 
3.1 Deuterium NMR 
The first section of results will concentrate on deuterium NMR. The adsorption 
of water onto activated carbons has been an area of considerable interest producing 
many theories explaining the adsorption process. This seemed an ideal place to start an 
NMR investigation because the results could be compared to those obtained by other 
methods of analysis explained in the infroduction. 
There are several advantages in using NMR instead of the more usual 
proton NMR. Solid-state NMR of protons is awkward because the signals tend to be 
very broad and there is only a small shift range so the signals overlap. This makes the 
peak assigimient difficult. There are also protons in the subsfrate and in the small 
percentage of water that the granules have when taken from the sample bottle. These 
backgrovmd signals make it difficult to distinguish peaks from the adsorbate probe 
molecules. 
To overcome these difl5culties I used 99.99% isotopically eiiriched 2H2O as the 
adsorbate. The deuterium NMR signals for adsorbed molecules are quite narrow 
compared to those observed in proton NMR spectra, reducing the overlap of peaks 
with similar chemical shifts. The peaks are narrower because the ^Kj^K dipolar 
interaction is smaller than the ^H^H interaction, this is because the dipolar interaction 
is proportional to the square of the gyro-magnetic ratio (y^). The large abundance of 
the 2H nuclei means that the experiments are very fast to obtain good signal intensity 
even at low loadings (typically 4-36 mins): The other advantage was that nuclei do 
not occur naturally, so any NMR signal must be from thie adsorbate molecules. 
Deuterium nuclei are quadropolar and susceptible to qviadropolar broadening affects: 
However in the adsorbed state the molecular motion is fast, and when coupled with 
MAS the broadeiiiiig is removed.^ ^ ^ - -: 
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The results fi^om the NMR fall into three sections. The first part is a 
systematic loading experiment using one type of activated carbon substrate and 
analysing the spectrum with various loadings of liquid 2H2O. The second set of resuhs 
produced an adsorption isotherm. This was a simultaneous gravimetric and NMR 
experiment to compare the NMR data with those conventionally accepted by carbon 
chemists. The final section compares several activated carbon types, to see how NMR 
spectra of sanples with similar loadings of adsorbate could give information about the 
pore structure of the carbon substrate. 
3.1 1 Loading experiments 
The loading experiments were all carried out on the BPL dry carbon which 
contained less than 2% w/w of water. Samples were produced with loadings firom 5%-
50% w/w of 2H2O. The samples were prepared by adding a known mass of liquid 
2H2O by pipette to the carbon sample and then allowing them to equilibrate for one 
hour in a sealed sample bottle. 
These samples were then analysed by deuterium NMR on the CMX200 using 
the 7.5 mm pencil rotor MAS probe, which holds approximately 500 mg of sample. 
High-resolution spectra were obtained using spinning speeds of 3.0 kHz and a single-
pulse regime with no proton decoupling. In this experiment a recycle delay of 2 s was 
used and 256 acquisitions taken for each sample. This meant the acquisition time for 
each spectrum was 9 minutes; The spectra were recorded under identical conditions in 
absolute intensity mode to allow direct comparison. 
The spectra recorded for 5-20% w/w loading of 2H2O are shown in figure 
3.11 The spectra are shown on the same expansion, with a single peak around -8 ppm, 
compared to the reference sample of liquid 2H2G at 0 ppm. As the loa(fing increases the 
area under the peak gets larger. This shows that the NMR experiment is quantitative, 
s0 the amount-of 2H2P present in a sample could be calculated by comparison with a 
; reference sample. The spectra recorded for 25^35% w/w loading o f 2^ ^^  shown in 
figure 351:2 TTiese spectra are also shOAvn^  same expansion. The spectra show 
98 
the same pattern, with the peak around -8 ppm gradually increasing in area as the load 
mcreases. The spectra recorded for 40-50% w/w loading of 2H2O are shoAvn in figure 
3.1.3 These spectra are all on the same expansion so that they can be compared 
directly. When the loading reaches 40% w/w the peak at -8 ppm reaches a maximum 
intensity and a second narrower peak at 0 ppm develops. As the load increases the 
second peak becomes larger but the broader peak at -8.0 ppm remains with the same 
area. 
The chemical shift and linewidth data for each sample are .given in table 3 .1.1 
An accurate analysis of the chemical shift data gives an interesting result. As the load 
increases then the chemical shift moves to high frequency. The broad peak at 5% w/w 
is at -8.8 ppm, but at 50% loading the broad peak is at -6.7 ppm. 
Sample loading 5<,„ Peak 1 (ppm) 8^fj Peak 2 (ppm) A,/, Peak 1 (Hz) 
Pure liquid 0 6 
5% w/w 2 H 9 O -8.8 . , 166 
1 0 % W / W 2 H 7 O -8.5 130 
15%W/W2H90 -8.3 117 
2 0 % W / W 2 H 7 O -8:0 117 
2 5 % W / W 2 H , 0 -8.0 113 
30% w/w 2H7O -7.9 113 
3 5 % W / W 2 H 2 G -1.1 119 
4 0 % W / W 2 H 9 O " .-7.2- 0 131 
4 5 % w / w 2 r i , 0 -7:0' "0 T53 • 
; 5 0 % W / W 2 H 7 O -6.7 . •^.•••'o^'- • 165 ' 
Table 3 1.1 Chemical shift and peak width data fi)r the 2H2O loading experiment. 
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Figure 3.1.1. 2 H N M R spectra of B P L activated carbon with; ( A ) 5% w/w ^HoO, 
( B ) 10% w/w 2H2O. (C) 15% w/w -H2O and ( D ) 20% w/w 2H2O. 
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Figure 3.1.2. NMR spectra of BPL activated carbon with; (A) 25% w/w 2H2O, 
(B) 30% w/w 2H2O and (C) 35% w/w 2H2O. 
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Figure 3.1.3. ' H NMR spectra of BPL activated carbon with; (A) 40% w/w - f t O , 
(B) 45% w/w -H,0 and (C) 50% w/w "H.O. 
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The comparison of the linewidths gives some extra information about the 
adsorbed molecules. The peak at -8 ppm has a half-height width (A1/2) of 100-165 Hz 
compared to the pure liquid 2H2O at 0 ppm which is only 6 Hz wide. The broad peak 
also changes width as the 2H2O load increases. At 5% loading the A1/2 is 166 Hz, as 
the load increases to 30% the A1/2 falls to 113 Hz. The A1/2 then rises to 165 Hz as the 
load reaches 50% w/w. 
3.1.11 Discussion 
The adsorption of water by activated carbon occurs on the high surface area 
provided by the pore-system, and is believed to occur in two stages. InitiaUy, 
adsorption occurs on active surface sites. These sites may be impurities such as ash or 
oxygen functional groups resulting from the activation process. It is proposed that 
these will act as the primary sites for water adsorption and are occupied at low relative 
water vapour pressure (usually at p/po< 0.4, or 40% RH in this case). The NMR data 
support this supposition. The broad peak at —8 ppm is attributed to 2H2O molecules 
physisorbed by the activated carbon. The large linewidth (100-160 Hz) arises because 
the motion of the ^HiO molecules is restricted when they are adsorbed, (see the T2 
information presented later). In fact, the deuterium spectrum shows spiiming sidebands 
which are indicative of a relatively rigidly bound adsorbate. In addition to providing 
evidence for the strong binding of the deuterium oxide initially adsorbed by the 
activated carbon, the substantial chemical shift of the deuterium signal (relative to free 
2H2O) is indicative of the adsorbate being held within the pore structure of the carbon; 
the adsorbate being held between the graphitic sheets in the pores could result in its 
being extensively shielded by the delocalised n-electron clouds. 
After this primary adsorption has occurred, flirther adsorption is thought to 
occur through hydrogen bonding, with the primary sites acting as centres for water 
clusters to form and spread across the surface as the relative pressure increases. The 
NMR data also support this hypothesis. Table 3 .1.1 shows that the linewidth of the -8 
ppm peak decreases steadily until the load is 30% w/w. This would result if the 
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adsorbed deuterium oxide was gradually becoming more like "liquid" 2H2O. At about 
30% w/w, the film of adsorbate merges within the micropores; this corresponds to the 
steep pore filling region of the isotherm. At this point, the UnevWdth would be expected 
to remain constant as the adsorbate is essentially like "Uquid" 2H2O. It should however 
be noted that the chemical shift at this point is still -8 ppm, indicating that the process 
is occurring within the shielded bulk of the carbon material, probably in the 
micro/meso pore region. When these micropores are fiiU then the water adsorbs in 
larger pores, these sites experience less shielding so the broad peak is shifted to higher 
fi-equency and the overlap of peaks increases the observed line width. 
At loadings of 40% w/w of deuterium oxide and greater, the carbon is 
effectively saturated. Significantly, the NMR data demonstrate a new phenomenon at 
this point. A sharp 2H2O signal appears which has a chemical shift of approximately 0 
ppm. Clearly, this arises because the deuterium oxide associated with this peak is in a 
substantially different environment to the material adsorbed at lower loadings. As the 
peak is sharp, it is indicative of "liquid" hke 2H2O, and its chemical shift shows that the 
nuclei are not heavily shielded. It is likely that this peak corresponds to 2H2O adsorbed 
on the surface or in macropores close to the surface 
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3.1.2 Adsorption isotherm 
NMR data on the adsorption of H2O onto activated carbon have been reported 
(1>2) All of the reported experiments have concentrated on the NMR aspects of the 
system, and have not attempted to relate the adsorption studies to the characteristic 
adsorption isotherm of the material studied. Following the loading experiments using 
liquid 2H2O discussed above, it was decided to remedy this lack of information by 
detailed adsorption isotherm studies. Since the site of adsorption on the porous 
material is determined by the partial pressure of vapour above the adsorbate (water 
adsorption on BPL carbon is type V by the B.D.D.T classification), the present studies 
have compared NMR data with a gravimetrically determined deuterium oxide isotherm 
obtained for BPL carbons exposed to deuterium oxide vapour in the partial pressure 
range p/po ^ 0 to 0.8 (linearly equivalent to relative humidity 0-80%). 
The data obtained have demonstrated that NMR results are directly comparable 
to those from more classical methods of determining adsorption equillibria, with the 
added advantage that some meaningfial dynamic data can be extracted from NMR. The 
NMR data are analysed with respect to the integral area under the peaks, the chemical 
shift and observed line wddths. This allows the NMR data to be verified as well as 
provide information about the state of the directly observable adsorbed molecules in 
the pore structure. 
3.1.2.1 Materials 
The 2H2O used m the experiment was supplied by Aldrich with 99.99% 
isotopic enrichment. The activated carbon (BPL) was suppUed by Chemiviron Carbon. 
The "unaged" sample was used as supplied (water content <2% w/w), whereas the 
"aged" sample was obtained by exposing a sample of unaged carbon to a flowing 
humid au-stream (80% RH, 22°C) for a period of about one year. When supplied, the 
BPL carbon typically had a BET surface area of 1200 m^ g"' and a micropore volume 
o f 0 53 cm'g 'atSTP. 
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3.1.2.2 Gravimetric method for the adsorption isotherm 
The procedures for measuring a water adsorption isotherm with this equipment 
have been described fully elsewhere^'l Isotherms were taken during both adsorption 
and desorption cycles in order to obtain the characteristic hysterisis of the type V 
behaviour. The sample humidifying equipment consisted o f three parts, as described 
below. The heat exchanger, reservoir and sample tubes were maintained at 22 °C in a 
constant temperature cabinet. These are shown in figure 3.1.4 
{i} A humid air generator: compressed air of dewpoint less than minus 20°C 
was filtered by passing it through a dry carbon bed prior to bemg split into two 
streams. One stream was passed through a Dreschel bottle containing 2H2O 
held at 35°C, prior to recombination with the second dry air stream. The 
combined streams were then passed through a heat exchanger maintained at 
22°C prior to flowing into the reservoir. 
{ii} A humid air reservoir: This consisted of a perspex container of 
approximately 8 litre capacity. The RH of the air in the reservoir was monitored 
by means of a cooled-mirror dew-point meter and maintained at the desired 
value by balancing the dry/humid airflow from the generator with needle valves. 
(iii) Sample tubes: The carbon samples were contained in four beds of 
approximately 2 cm diameter, and initially 2.3 cm depth (approximately 4 g. of 
carbon per bed). Air was drawn through .each bed from the reservoir; the flow 
through each bed was maintained at 1.2 1 min-l antf c^^ 
needle valves and rotameters The exhaust air was drawn through a diaphragm 
pump, then to. a series of condensers whe^^ 
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The samples were weighed at hourly intervals until no fiirther weight change occurred 
(equilibrium was defined as a change of less than 0.1% in observed weight); this was 
typically of the order of 4-6 hours. The RH of the flowing air was then adjusted to the 
required new value, and the whole process repeated in order to build up the required 
isotherm. Deuterium oxide isotherms were measured for both the aged and unaged 
samples of carbon. 
3.1.2.3 NMR method for the adsorption isotherm 
At each point of the isotherm determined gravimetrically, aliquots of 0.8 g of 
carbon samples were transferred to hermetically sealed vials for NMR analysis. The 
sample bed was then re-weighed and the process repeated for the next value of RH. 
The sealed samples were analysed by solid-state NMR spectroscopy. Samples 
were typically analysed v^thin 2 days of their being sealed for the NMR experiments, 
which were carried out on a Chemagnetics CMX 200 MAS spectrometer ( 
resonance at 30.721 MHz). High-resolution spectra were obtained using spinning 
speeds of 4.0 kHz and a single-pulse regime with no proton decoupling. The MAS 
probe uses 7.5 mm pencil rotors, which contain the sealed ampoules. The ampoules 
have a sample capacity of approximately 300 mg. The spin-lattice relaxation time (Tl) 
was measured via the inversion-recovery method on a sample with 20% w/w 2H2O 
adsorbed onto the new BPL carbon. These measurements gave a value of 200 ms so in 
all cases a recycle delay of 2 s was used to ensure complete relaxation between pulses. 
The acquisition time for the spectra was 20 ms. The number of transients that were 
required varied fi-om 128 to 1024 depending on the 2H2O loading, and thus each 
spectrum took between 4 and 35 minutes to run. 
The sample mass was measured by a difference method, subtracting the mass of 
the ampoule (ca 0.5 g) fi-om the mass of the ampoule and the sample (0.8 g) prior to 
the NMR analysis. The experiments were carried out under the same conditions for 
each sample so as to achieve the quantitative analysis. 
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The deuterium spectra were referenced (immediately prior to each sample 
spectrum) to an external sample of bulk ^HiO liquid set at 0 ppm, which had a 
linewidth of 6 Hz. The 90° pulse duration was then calibrated using a standard sample 
of 40% w/w ^HjO adsorbed onto the unaged BPL carbon kept in a sealed glass 
ampoule. The area under the peak for the standard sample was measured using the 
absolute intensity mode, then the test sample was compared to this integration, taking 
into account the sample mass. 
3.1.2.4 Results 
The results for the aged and unaged carbon samples are presented in tables 
3.1.2 and 3.1.3 respectively. These give a measure of the 2H26 uptake, expressed as a 
w/w% of the sample for both gravimetric- and NMR-determined adsorption at 
dififerent values of RH. 
Gravimetric NMR 
RH(%) 2H2O 
. (w/w%) 
2H2O 
(w/w%) 
Peak width 
(Hz) 
Number of 
peaks 
20 0.65 0.5 828 
30 1.05 1.0 284 
40 3.4 3.4 171 
55 8.3 8.3 129 
70 24.5 19.8 136 
80 35.1 34.1 141 2 
85 38.2 38.2 144 2 
80 38 37,7 133 2 
70 36.8 33.6 131 2 
60 33.9 29.8 136 1 
50 . 20.2 18.7 140 
40 5.6 5.2 140 
30 2.7 2.8 332 
20 1.2 1.0 645 1 
10 0.4 0.5 1065 
Table 3 .1.2 Gravimetric and NMR data for 2H2O adsorption onto the "unaged" BPL 
sample 
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Gravimetric NMR 
RH(%) 2H2O 2H2O Width Number of 
(w/w%) (w/w%) (Hz) peaks 
20 1.7 1.9 531 1 
30 3 3.3 544 1 
40 7.3 6.4 181 1 
55 23 22 141 1 
70 36.5 , 33.5 131 1 
80 39.6 40.2 134 2 
85 40.5 40.5 128 2 
80 39.4 40.2 133 2 
70 38.3 37.5 141 2 
60 35.9 33.4 123 1 
50 30.2 27.1 136 1 
40 12.1 12 140 1 
30 5.2 5 454 1 
20 2.6 2.8 845 1 
1 10 1.2 1.0 1224 1 
Table 3,1.3. Gravimetric and NMR data for 2H2O adsorption onto the "aged" BPL 
sample 
The adsorption data given in tables 3 .1.2 and 3.1.3 are shown graphically in 
figures 3.1.5 and 3.1.6 as the characteristic deuterium oxide adsorption isotherm. The 
NMR data are shown as a solid line, the gravimetric data as a dotted line, while the 
peak widths, tabulated in tables 3 .1.2 and 3.1.3, are shown as dashed lines in respect of 
the right hand ordinate of the figures. The adsorption branch of the isotherm is showii 
with circles as markers, the desorption branch with triangles. The results show good 
correlation between the NMR and gravimetric values. The adsorption isotherms have 
the same shape, and the characteristic hysteresis is clearly defined for the NMR data as 
well as by the gravimetric analysis. 
As discussed briefly in section 3 .1.1 the NMR results give fiirther information 
which is not available djrectly fi-om the traditional methods. Figure, 3.1.7 shows the 
NMR spectra fi-om the aged BPL with a low load, a medium load and finally a 
saturated load of 2H2O. Initially a broad peak develops at 6 ppm to low fi-equency of 
the bulk 2H2O peak. This broad peak builds up to a maximum area as the RH 
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Figure 3.1.4. Schematic diagram of the water adsorption apparatus. 
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Figure 3.1.7. Deuterium spectra of; A) Aged BPL with 30% RH 2H2 O, B) Aged BPL 
with 60% RH 2H2O and C) Aged BPL with 85% RH 2H2O 
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increases, and then a second narrow peak appears at approximately the same shift as 
the 2H2O reference sample. The second peak develops at 80% RH (with an -35% w/w 
loadmg of 2H2O on the BPL carbon) on the adsorption branch of the adsorption cycle. 
On the desorption branch, the second peak ceases to be visible when the relative 
humidity drops below 70%, 
The broad peak has a width of 600-1000 Hz when the 2H2O loading is less 
than 3% w/w. However when the loading is greater than 5% the line width is reduced, 
to 130-140 Hz, These widths are recorded in tables 3,1,2 and 3,1,3, as is the number 
of peaks observed at a given RH, and are shown in figures 3 ,1,5 and 3 .1,6 in relation 
to the deuterium isotherm. 
3.1.2.5 Discussion 
The data derived fi-om the two types of experiment are in good agreement, the 
isotherms derived fi-om both NMR and gravimetric experiments being very 
comparable, particularly in the lower RH region of the plots shown in figures 3 .1.5 and 
3 .1.6. The deviations between the NMR and gravimetric data are more apparent at 
higher RH values and it would be expected that loss of adsorbate would be greater at 
the higher loadings and for the NMR experiments which were carried out 
approximately two days after the gravimetric experiments. Figures 3.1.5 and 3.1.6 
show this. 
The adsorption isotherms that were created from the NMR data clearly show 
the characteristic hysteresis in the adsorption/desorption branches of the isotherm. This 
indicates that it is harder for the water to be removed than it is to be adsorbed; the 
origins of this are thought to lie in differences in the shape of the menisci of liquid 
adsorbed in the micropores during adsorption and desorption cycles. The NMR data 
also show well the characteristic difference between the isotherms for unaged and aged 
carbon which has been reported previously. The isotherm for aged carbon is much 
tighter and shifted to the left compared with the isotherm for unaged carbon; this is in 
keeping with the surface of the aged carbon becoming more hydrophihc as a result of 
chemisorption of very small quantities of deuterium oxide on the carbon surface. 
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Duplication of these changes in the shapes and positions of the two isotherms was 
taken as good evidence that the data obtained by NMR experiments had valid physical 
si^iificance in terms of the adsorption of deuterium oxide into the pore structure of an 
activated carbon. 
Clearly integration of the ^H NMR spectra gives meaningful resuhs that 
compare to gravimetric resuhs. The chemical shift and Une width data for the isotherm 
adsorption experiment follow the same pattern as the 2H2O loading data in the 
previous section. The gaseous adsorption of 2H2O also shows a broad peak initially, at 
-6 ppm for the BPL carbon, at loadings below 35% w/w of 2H2O. Above this 
threshold a second (narrow) peak develops at 0 ppm, as the broad peak reaches a 
maximum area. Once again the broad peak is attributed to 2H2O adsorbed in 
micropores, and the narrow peak to 2H2O in macropores or on the external surface. 
Interestingly, the narrow peak demonstrates its own hysteresis. On the 
desorption branch of the isotherm, initial weight loss does not appear to be associated 
with this second peak at 0 ppm. The peak remains until the relative pressure of 
deuterium oxide vapour is reduced to below 70%RH. The implication of this 
observation is that although the deuterium oxide associated with this peak is the last to 
be adsorbed, it is not the first to be desorbed! Gravimetric analysis can not distinguish 
between the two environments, so this two-stage hysteresis had not been discovered 
previously. 
3.1.6 Conclusions 
The experiments described above have been used to demonstrate that NMR 
techniques can successfully be applied to isotherm adsorption studies on activated 
carbons. Clearly more information can be obtained fi^om such experiments, and future 
studies using NMR to investigate alternate adsorbates and carbons of different pore 
structure would be useful. 
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3 .1.3 Substrate evaluation 
This section describes a study of a range of carbon substrates. The samples have 
either 10% or 40% loadings of 2H2O, and the ^H NMR spectra are compared to see any 
differences. The variations in the probe molecules' environments can then be related to the 
structure of the carbon substrates. 
3.1.3.1 Materials 
The activated carbon samples used in this experiment were all prepared by Dr. M. 
Thomas at Newcastle university. The nutshell samples started with a base un-activated 
carbon denoted as 0% bum-oflF. This carbon was activated under controlled conditions of 
steam and carbon dioxide - this provided samples at 20%, 30% and 51% weight bum-oflF. 
The BPL carbon samples came from a coal base and the un-activated carbon was again 
termed 0% bum-off. Newcastle provided samples with 22% and 30% bum-off from the 
same activation process used for the nutshell carbons. 
Once again the adsorbate used was 99.99%-enriched 2H2O from Aldrich. The 
samples that were not evacuated were prepared by addition of a known mass of the 
adsorbate by pipette. The samples were then allowed to equilibrate for one hour before 
NMR analysis. The evacuated samples were produced using the sealed ampoule technique 
outlined in chapter two. The carbon was treated to three freeze-pump-thaw sequences and 
then a known mass of liquid 2H2O was adsorbed after vacuum transfer of the adsorbate. 
The sample was then sealed under vacuum and analysed by NMR. 
3.1.3.2 NMR method 
The 2H NMR spectra were mn on the CMX200 spectrometer using the 7.5 mm 
pencil rotor MAS probe. A single-pulse regime with no decouphng was applied. In this 
experiment the 10% 2H2O samples used 296 transients and the 40% 2H2O samples used 64 
transients. The sealed samples have a smaller sample mass, so 2048 transients were used. 
The recycle delay was 2 s to allow complete relaxation between pulses, so experimentation 
time was 2-70 minutes. 
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3,1,3,3 Results 
Spectra from the nutshell carbon samples with 10% w/w 2H2O loading are shown in 
figure 3 ,1.8, The percentage bum-off for each sample is indicated on the figure. An accurate 
evaluation of the chemical shifts is given in table 3 ,1.4, 
Bum-ofif 2H7O load 52H Peak 1 A1/2 Peak 1 52H Peak 2 
0% 10% -3 ,0 ppm 350 Hz 0 ppm 
20% 10% -9,5 ppm 293 Hz 0 ppm 
30% 10% -7,9 ppm 200 Hz 0 ppm 
51% 10% -6,3 ppm 149 Hz 
Table 3 ,1.4. Chemical shift and peak width data for 10% 2H2O on the nutsheU carbons. 
The spectra in figure 3 .1.8 show that the 0% bum-oflf (unactivated) carbon has a 
small broad peak at -3.0 ppm and a dominating large narrow peak at 0 ppm. The carbon 
with just 20% weight bum-ofi" shows a large broad peak (293 Hz) centred at -9,5 ppm. 
There is evidence of a small narrow peak at 0 ppm beginning to develop. The 30% bum-oflf 
carbon has a broad peak (200 Hz wide) at -7.9 ppm, and a very small peak at 0 ppm. FiriaUy 
the 51% bum-oflf sample shows just the broad peak at -6.3 ppm and only 149 Hz wide. This 
group of resuhs shows a trend of the chemical shift moving to higher frequency as the burfi-
off increases, for the activated samples. The observed linewidth decreases as the bura-ofif 
increases. There is a similar amount of 2H2O adsorbed for each sample so the area under 
each spectram is constant. 
The spectra from the experiment using 40% w/w 2H2O adsorbed onto the nutshell 
carbon samples are shown in figure 3 .1.9, The NMR data are given in table 3 .1.5. 
Durham CMX200H-NMR System 
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Figure 3.1.8. The nutshell carbon with various indicated bum-offs and a 10% w/w loading of 
2H2O. 
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Bum-oflf 2H7O load 62H Peak 1 A1/2 Peak 1 52H Peak 2 
0% 40% -3 .0 ppm 410 Hz Oppm 
20% 40% -9,0 ppm 186 Hz Oppm 
30% 40% -7.9 ppm 162 Hz Oppm 
51% 40% -7.2 ppm 157 Hz 0 ppm 
Table 3.1.5. Chemical shift and peak width data for 40% 2H2O on the nutsheU carbons. 
These spectra show the carbon samples when the pores are eflfectively saturated 
with 40% w/w 2H2O. The unactivated nutshell carbon exhibits a major narrow peak (7.5 
Hz) at 0 ppm, which is sunilar to that for pure 2H2O spectrum. The 20% bum-oflf carbon 
shows a large narrow peak (34 Hz) at 0 ppm and a small broad peak (186 Hz) at -9.0 ppm. 
The 30% bum-oflf carbon has a dominating narrow peak (35 Hz) at 0 ppm and a smaller 
broad peak (162 Hz) at -7 .9 ppm. Finally the 51% bum-oflf carbon has a small narrow peak 
at 0 ppm and a major broad peak (157 Hz) at -7.2 ppm. Once again the chemical shift for 
the adsorbed 2H2O moves to higher frequency as the bum-oflf increases from 20% to 51% 
on the activated carbons. The observed hnewidth decreased as the bum-oflf increases. The 
unactivated samples seem to have a very large narrow peak and very Uttle adsorbate in the 
environment contributing to the broad peak. 
The coal based BPL carbons were analysed in a similar manner with the un^activated 
carbon substrate termed 0% bum-oflf, and samples with 22% and 30% weight bumt oflf in 
the activation stage also tested. Figure 3 .1,10 shows 2H NMR spectra of these samples with 
a 10% w/w loadmg of 2H2O. The NMR data are given in table 3.1,6, 
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Figure 3.1.9. The nutsheU carbon with various indicated bum-offs and a 40% w/w loading of 
2H2O. 
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Bum-off 2H7O load 52H Peak 1 A1/2 Peak 1 62H Peak 2 
0% 10% 0 ppm 400 Hz 0 ppm 
22% 10% -8.0 ppm 230 Hz 
30% 10% -7.7 ppm - 227 Hz 
-
Table 3 .1.6. Chemical shift and peak width data for 10% 2H2O on the BPL carbons. 
The 10% w/w 2H2O NMR spectra show that the unactivated BPL sample has a very 
small broad peak (400 Hz) at ca. 0 ppm and also a large narrow peak (7.5 Hz) super-
imposed at 0 ppm. The sample with 22% weight bum-off shows a large broad peak at -8 .0 
ppm, which has a full width at half-height of 230 Hz. The 30% bum-off BPL carbon shows 
a broad peak (227 Hz) at -7.7 ppm. The data show that the chemical shift again moves to 
high frequency as the bum-off increases from 22% to 30%. The observed hnewidth does 
not seem to vary significantly. The un-activated carbon has adsorbed the 2H2O 
predominantly in the site associated with the narrow peak at 0 ppm. 
Figure 3 .1.11 shows 2H NMR spectra of these BPL samples saturated with a 40% 
w/w loading of 2H2O to fill all the pores. The NMR data are given in table 3.1.7. 
Bum-off 2H7O load 8 2 H Peak 1 Ai/2 Peak 1 5 2 H Peak 2 
0% 40% 0 ppm 400 Hz 0 ppm 
22% 40% -7.7 ppm 218 Hz 0 ppm 
30% ^ 40% -7.0 ppm 220 Hz 0 ppm 
Table 3.1.7. Chemical shift and peak width data for 40% 2H2O on the BPL carbons. 
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Figure 3.1.10. The coal BPL carbon with various indicated bum-offs and a 10% w/w loading 
of2H20. 
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Figure 3.1.11. The coal BPL carbon with various 
of 2H2O 
indicated bum-oflfs and a 40% w/w loading 
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The 40% w/w 2H2O NMR spectra show that the unactivated BPL sample has a very 
small broad peak (400 Hz) at ca 0 ppm but on this scale it cannot be seen. There is once 
again a large riarrow peak (7.5 Hz) superimposed at 0 ppm. The sample with 22% weight 
bum-off shows a large broad peak at -7.7 ppm, which has a fiill width at half-height of 218 
Hz; The spectmm has a narrow peak (54 Hz) at 0 ppm that develops as the broad peak is 
full. The 30% bum-off BPL carbon shows a broad peak (220 Hz) at -7.0 ppm and also 
exhibits the narrow peak (50 Hz) at 0 ppm for this saturated loading. The data show that 
the chemical shift again moves to high frequency as the bum-off increases from 22% to 
30%; The observed linewidth does not seem to vary significantly. The unactivated carbon 
has adsorbed the 2H2O predominantly in the site associated with the narrow peak at 0 ppm. 
The un-activated carbon does not seem to adsorb very much 2H2O in the broad 
peak. It was postulated that this occwted because the pore entrances were very small before 
activation and these, were blocked by oxygen adsorbed from the atmosphere. To see if this 
was the case some samples were prepared under vacuum so the pore entrances were free. 
Figure 3.1.12 shows the imactivated nutshell carbon with evacuation arid without. The 
evacuated sample has 10% and 40% loads of 2H2O. The sample without evacuation and a 
40% 2H2O loading is also shown for comparison. 
The spectra show that the un-activated evacuated samples do have more 2H2O 
adsorbed in the environment related to the broad peak than the normally prepared sample; 
The evacuated samples show several overiapping pe^s from -3.0 to -8:0 ppm. There is still. 
some 2H2O adsorbed in the narrow peak at 0 ppm. 
Figure 3 .1.13 shows the spectra of 30% bum-off activated carbon with 40% 2H2O 
adsorbed. The first sample Avas prepared with the evacuation process for comparison with 
the normal preparation technique. The spectra show that there is no qualitative difference 
between evacuated and non-evacuated activated samples; There is a broad peak at -8.0 ppm 
and a larger narrow peak at 0 ppm for both samples. 
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Figure 3.1.12. A comparison of the unactivated nutshell carbon with (A) Evacuation and 40% 
2H2O, (B) Evacuation and 10% 2H2O and (C) No evacuation and 40% 2H2O. 
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Figure 3.1.13. The 30% bum-off nutshell carbon with 40% w/w 2H2O with and without 
evacuation prior to adsorption. 
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3 .1.3 ,4 Discussion 
Carbon chemists suggest that the unactivated samples have a small pore system with 
very small entrances. At low percentage bum-ofFs the carbon sample is activated creating 
small micropores over a small size range. Increasing the bum-oflf percentage increases the 
amount of micropores and also the size range that they exhibit. At very high percentage 
bum-ofifs the walls of the micropores are burnt out to form large micropores and mesopores 
within the carbon structure. This is explained in the introduction chapter on activated 
carbon theory. The object of this section is to correlate the accepted carbon theory with the 
NMR results obtained by directly observing the adsorbed water molecules. 
The nutshell and BPL carbon results show that as the bum-oflf increases above 20% 
the chemical shift of the broad peak moves to higher frequency. This is consistent with the 
concept of the pores becoming larger and the consequent reduction in shielding for the 
adsorbed ^HjO molecules. The pattern is followed for 10% and 40% 2H2O loads, providing 
very consistent resuhs. This suggests that for the nutshell carbons the small micropores have 
a S2H of-9.5 ppm. The larger micropores give average chemical shifts of between -8 .0 and -
6.3 ppm depending on the amount of burn-off. 
Analysis of the 40% loading of 2H2O yields fiirther mteresting results. A comparison 
of the relative intensities of the broad and narrow peaks for the activated samples gives 
information about the total micropore volume available. For nutshell carbons the 20% bum-
off creates micropores with a narrow pore-size range. The micropore volume is not as large 
as for the 30% bum-off carbon, which has more pores and a wider pore-size range. The 
NMR resuhs show a corresponding increased peak area for the peak at -8.0 ppm assigned 
to 2H2O adsorbed in the micropores. Each sample has a similar amoimt of ^HjO adsorbed 
so the carbon with 51% bum-off has a further increase in the broad peak with a 
correspondingly reduced narrow peak. The BPL samples follow the same pattem with the 
30% bum-off sample showing a large shielded peak compared to the 22% sample. 
The data for the full width at half-height are more difficult to draw conclusions 
from. The observed linewidths have two competing factors. As the pore size increases the 
molecules experience less restricted motion, so the natural linewidth will decrease. However 
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the pore-size range increases as the pores get larger and this means that the broad peak 
consists of more overlapping lines, especially on the high frequency side, which increases 
the observed linewidth. The nutshell carbons show a decrease in linewidth, suggesting that 
the motional narrowing is the dominant effect. The NMR data suggest that the pore 
distribution is small even for the higher bum-oflf samples, with larger pores as the activation 
is increased but reasonably even increase across the sample. Conversely the BPL samples 
have no decrease in the line-width with the motional narrowing balanced by the extra peaks 
caused by a larger pore-size distribution. 
The evacuation of the unactivated samples had a very pronounced affect on the 
NMR spectra. The evacuation was expected to clear the pore entrances which are very 
small. This makes the internal pore structure more easily available to the ^H20 molecules. 
The NMR data agree with this theory, showing a much larger broad (shielded) peak 
associated with 2H2O adsorbed in the pore structure. The unactivated carbons have a 
poorly defined pore structure, so the shielded peak is very broad, consisting of several 
overlapping peaks from -3.0 to -8.0 ppm. 
The evacuation of the activated sample shows no difference to the normal 
preparation. This shows that the activation process increases the pore entrance size as well 
as the uniformity of the pore structure. 
3.1.3.5 Conclusions 
The NMR analysis of various well-defined carbons using ^H20 as the adsorbate 
probe molecule can provide a lot of information about the carbon structure. The chemical 
shift can be directly related to the size of the micropores, with shifts to higher frequency as 
the pores increase in size. Comparison of the peak areas can give information comparing 
total accessable micropore volume for activated carbon samples. Observed linewidths are 
more complicated to analyse but some information can be inferred about the adsorbed 
molecules mobility. Finally unactivated carbons need to treated very carefixlly because the 
accessable pores are reduced when the small pore entrances are blocked. Activated carbons 
have larger pore entrances so the evacuation of these samples is not necessary. 
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Chapter 4 Phosphorus results 
4.1 Phosphorus NMR 
The second section of results concentrates on phosphorus NMR. The 
adsorption of phosphates onto activated carbons has been an area of considerable 
interest. The phosphates are used as nerve agent simulants to investigate how nerve 
agents would interact with the activated carbon. The simulants are similar in shape, 
size and content, but contain no P-F bond. 
There are several advantages in using ^ip NMR to study the adsorption of 
these molecules. Solid-state NMR of phosphorus is straightforward because the ^ip 
nucleus is 100% abundant and there is a large shift range, so the signals do not 
overlap. This makes the peak assignment quite easy. There are no phosphorus nuclei in 
the substrate, so there are no background signals to make it diflScuIt to distinguish 
peaks from the adsorbate probe molecules. The 100% abundance of the ^^ P nuclei 
means that the experiments are very fast to obtain even at low loadings (typically 2 
min). In the adsorbed state the molecular motion is fast, and when coupled with MAS 
the SA line-broadening is removed so the lines are quite narrow. 
The results from the ^^ P NMR fall into an experimental framework with three 
variables. The first part is a systematic phosphate loading experiment using 10%-60% 
w/w loads with 10% w/w increments. The second variable used was the four difiering 
types of phosphate, trimethyl phosphate (TMP), triethyl phosphate (TEP), dimethyl 
methyl phosphonate (DMMP) and cyclohexyl methyl methyl phosphonate (PP). The 
third changeable part of the experiment was the type of activated carbon substrate, 
with three different carbons analysed. The three carbon types used were SC2, ASZM 
and the BPL. ^ 
4.1.1. Method 
The loading experiments were all carried out on the dry carbon which 
contained less than 2% w/w of water. Samples were produced with loadings from 
10%-60% w/w of each phosphate on all three carbon substrates. The samples were 
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prepared by adding a known mass of liquid phosphate by pipette to the carbon sample. 
The samples were then allowed to equilibrate for one hour in a sealed sample bottle. 
The sample was then transferred to the MAS rotor and the mass of the sample and 
rotor noted. The sample mass was then calculated using a difference method. The 
empty rotor weighed 5.107 g. 
These samples were then analysed by phosphorus NMR on the CMX200 using 
the 7.5 mm pencil rotor MAS probe, which holds approximately 500 mg of sample. 
High-resolution spectra were obtained using spinning speeds of 3.0 kHz and a single-
pulse regime with no proton decoupling. In this experiment a recycle delay of 1 s was 
used and 128 acquisitions taken for each sample. This means the acquisition time for 
each spectmm was 2 minutes. The spectra were recorded under identical conditions in 
absolute intensity mode to allow direct comparison. The spectra were all run over a 48 
hour period so the experimental set-up was consistent. The peaks were integrated 
using the integration package provided mth CMXW. The resuhs were then normahsed 
taking into account the sample mass in the rotor. The final data are presented in the 
following section. The resuhs of the integration, chemical shift and observed linewidth 
are shown for each sample. 
4.1.2. Results 
The normaUsed integration, chemical shift and linewidth data for the loading of 
the four phosphates onto the SC2 carbon are given in table 4.1, The corresponding 
data for the ASZM and BPL carbon substrates are given in table 4.2. and 4,3, 
respectively. The vast amount of results and the complex interactions between the 
experimental variables mean that the discussion has to refer back to these tables during 
the whole chapter. The first part concentrates on the effect of the adsorption onto the 
carbon for the four adsorbates. The second section looks at the loading characteristics 
for a standard system. This is followed by the one major anomalous result in the 
loading experiments. The final part looks at the carbon substrates and how each one 
interacts with the different phosphates. 
SC2 carbon 
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1 Phosphate Load Integral 
Broad 
Integral 
narrow 
5 Broad Ai/2 Broad 
(Hz) 
r 10 10 -7.9 272 
1 20 20 -8.3 316 
30 28 2 . -8.4 300 
40 34 6 -8.4 320 
50 34 16 -8.4 ' 320 
60 34 26 -8.4 330 
TMP 10 10 -5.0 220 
20 20 -5.3 . 250 
30 30 -5.2 263 
40 38 2 -5.2 245 
50 48 2 -5.2 245 
60 50 10 -5.1 250 
DMMP 10 10 26.3 
20 20 26.0 
30 30 26.0 
40 40 26.3 
50 50 26.3 
60 50 10 26.3 
PP 10 7 3 24.4 
20 15 5 24.5 
30 24 6 24.4 
40 26 14 24.3 
50 32 18 24.3 
60 34 26 24.3 
Table 4.1. Table of the ^Ip NMR data for the phosphate loading onto the SC2 carbon. 
The PP areas are time dependent so average values are given. 
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Phosphate Load Integral 
Broad 
Integral 
Narrow 
5 Broad Ai/2 Broad 
(Hz) 
TEP 10 10 -6.9 330 
20 20 - -6,2 310 
30 28 2 -6.0 350 
40 30 10 -6.0 350 
. 50 32 18 -6,0 350 
60 32 28 -6.0 350 
TMP 10 10 -3.6 260 
20 20 -3.6 240 
30 29 1 -3.6 283 
40 38 5 -3,5 290 
50 38 12 -3.4 275 
60 38 22 • -3.4 275 
DMMP 10 - 10 28.5 
20 20 26.7 
30 30 26,3 
40 34 6 27.3 
50 35 • 15 27.3 
60 35 , 25 27.3 
P.P 10 8 2 25,8 
20 12 8 24.7 
30 16 14 25.8 
40 18 . 22 26.1 
50 18 32 26.4 
60 18 . 42 26,6 
Table 4.2. Table of the ^Ip NMR data for the phosphate loading onto the ASZM 
carbon. The PP areas are time dependent so average values are given. 
BPL carboE 
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Phosphate Load Int Broad Int Narrow 6 Broad A1/2 Broad 
(Hz) 
TEP 10 10 -7.3 275 
20 20 -7.1 280 
30 30 - -7.0 300 
40 40 -7.0 300 
50 49 1 -6.9 320 
60 50 10 -6.9 360 
TMP 10 10 -4.3 260 
20 20 -4.1 275 
30 30 -4.1 308 
40 40 -4.0 313 
50 50 -4.0 356 
60 54 6 -4.0 360 
DMMP 10 10 26.9 
20 20 26.6 
30 30 26.6 
40 40 26.9 
50 46 4 27.1 
60 46 14 27.1 
P.P 10 10 25.5 
20 20 24.5 
30 30 25.1 
40 33 7 25.3 
50 33 17 25.3 
60 33 27 25.7 
Table 4.3. Table of the ^^ P NMR data for the phosphate loading onto the BPL carbon. 
The PP areas are time dependent so average values are given. 
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4,1,2,1, Phosphate adsorption 
The initial section of the resuhs concentrates on the phosphates and how they 
are affected as they are adsorbed onto the activated carbons. Figure 4.1 shows the 
NMR spectra of four hquid adsorbates prior to adsorption. The spectra are shown on 
the same scale to enable easy comparison. All the precise chemical shift data are listed 
in table 4.5. The NMR spectra consist of narrow hnes with distinct chemical shifts. The 
spectmm for the TMP has a small impurity but this does not affect the adsorption 
resuhs as it is a very small percentage. 
Figure 4.2 shows the same adsorbates but they have a 10% w/w loading 
adsorbed onto the SC2 carbon. The spectra are once again easy to compare as they are 
all on the same scale. Each peak shows a distinct broadening as they are adsorbed onto 
the activated carbon. The chemical shift also moves a long way to low frequency (7-8 
ppm) in each case. The PP adsorbate is interesting because even at a 10% loading there 
are two peaks in the ^^ P NMR spectmm. The broad peak is shifted to low frequency 
but the narrower one appears close to the chemical shift for pure liquid PP. 
Figure 4.3 shows the 60% w/w loads of the same phosphates on the three 
carbon samples tested. The ^^ P NMR spectra again show a broad peak shifted to low 
frequency by 7-8 ppm for each phosphate. The 60% w/w load also show a distinct 
extra narrow peak close to the pure hquid shift of each phosphate. The PP adsorbate 
shows two narrow peaks as well as a broad one: This is discussed later m the 
anomalous loading result section. 
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Figure 4.1.3 ip NMR spectra of the pure liquid adsorbates used in die loading 
experiment. (A) TMP, (B) TEP, (C)-DMMP and (D) PP. 
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Figure 4.2.31? NMR spectra of the SC2 carbon with a 10% w/w load of ( A ) TMP (B) 
TEP, (C) DMMP and (D) PP. 
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Figure 4.3.3ip NMR spectra of the SC2 carbon with a 60% w/w load of (A) TMP, (B) 
TEP, (C) DMMP and (D) PP. 
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4.1.2.2. Systematic loading 
The second part of the resuhs looks at the typical loading profile of a 
phosphate onto a carbon substrate to see i f there is a similar pattem to the 2H2O 
loading. Figure 4.4 shows the ^ip NMR spectra of 10-30% loading of TMP on the 
SC2 carbon. Figure 4.5 shows the ^ip NMR spectra of 40-60% loading of the TMP 
onto SC2 carbon. The spectra are all on the same scale so the changes associated with 
the incremental increase in load can be observed. 
The results show that initial adsorption gives rise to the broad peak shifted to 
low frequency. The mcrease in load indicates this broad peak mcreases in area until a 
maximum size is reached. At this point a second, narrower peak, which is close to the 
pure adsorbate shift, develops. The narrow peak is a second adsorbate environment, 
which then grows as the adsorbate load increases. This is a typical loading profile, but 
the total maximum area of the broad peak and the advent of the second peak vary 
depending on the phosphate and the carbon type. 
Figure 4.6 shows the broad peak integral as a function of phosphate loading for 
the four phosphates on the SC2 carbon. 
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Figure 4.6. Graph of the broad peak integral against load for the SC2 carbon. 
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Figure 4.4.3 ip NMR spectra of the,SC2 carbon loading experiment with TMP, 
spectrum (A) 10% w/w (B)20% w/w and (C) 30% w/w load. 
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Figure 4.5. ^ iP NMR spectra of the SC2 carbon loading experiment with TMP. 
spectrum (A) 40% w/w (B)50% w/vv and (C) 60% w/w load. 
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The graph of the broad peak integral against load for the four phospates is shown in 
figure 4.7 for the ASZM carbon and figure 4.8 for the BPL carbon. 
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Figure 4,7. Graph of the broad peak integral against load for the ASZM carbon. 
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Figure 4.8. Graph of the broad peak integral against load for the BPL carbon. 
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The resuhs taken from the broad peak integration data show that the TMP and 
TEP loading characteristics are similar for each type of carbon, with the broad peak 
developing, then reaching a maximum area at loads greater that 40% w/w. The TMP 
molecule seems to consistently give a larger maximum peak area than the larger TEP 
molecule. The DMMP loading for the ASZM and BPL carbon follows a similar 
pattern, but the SC2 carbon seems to prefer the DMMP adsorbate, so the broad peak 
has a large maximum area. The PP loading is different for the SC2 carbon, with a 
strange shape that will be discussed in the next section. The ASZM and BPL carbon 
have a similar pattern with the broad peak only able to have a small area, showing 
saturation at low loads. The broad peak does get larger even when the narrow peak 
appears for the PP adsorbate. 
Table 4.4 shows the maximum integration area for the broad peak for each 
phosphate adsorbed on the three carbon types. The data are all derived from the NMR 
experiment. 
TEP (w/w%) TMP (w/w%) DMMP (w/w%) PP (w/w%) 
SC2 34 50 50 34 
ASZM 32 38 35 18 
BPL 50 54 46 33 
Table 4.4. The maximum adsorption for the broad peak calculated from the integration 
area. 
The next section of results looks at the area of the narrow peak as it develops 
for each adsorbate on the carbons. The graphs show how the narrow peak develops 
v^th load, it is possible to use linear regression to determine the maximum broad peak 
area from these results. When the narrow peak adsorbs all the additional phosphate in 
the loading experiment, then the plot of narrow peak area against phosphate load 
becomes a straight line where x = y. The line can be extrapolated back to the point 
where the narrow peak area is zero. The loading value at this point is the maximum 
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load that the broad peak can adsorb. The two narrow lines for the PP adsorbed onto 
SC2 are added together in the area calculation. 
Figure 4 .9 shows the corresponding advent of the narrow peak as a fiinction of 
load for the four phosphates on the SC2 carbon. Figure 4.10 shows the corresponding 
advent of the narrow peak as a fiinction of load for the four phosphates on the ASZM 
carbon. 
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Figure 4.9. Graph of the narrow peak integration versus load for the SC2 carbon. 
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Figure 4.10. Graph of the narrow peak integration versus load for the ASZM carbon 
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Figure 4.11 shows the area of the narrow peak as a function of the phosphate 
load for the BPL carbon substrate. 
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Figure 4.11. Graph of the narrow peak integration versus load for the BPL carbon 
The resuhs for the narrow peak show that the narrow peak develops as the 
broad peak reaches the limiting area. There is no clear-cut off point, however, 
especially for the SC2 carbon where the narrow peak seems to occur before the 
environment associated with the broad one totally fills up. 
4.1.2.3. Anomalous loading pattern 
The loading pattern observed was noticeably different for the PP loaded onto 
SC2 carbon granules. Figure 4.12 shows the ^^ P NMR spectra of 10-30% loading of 
PP on the SC2 carbon. Figure 4.13 shows the 3lp NMR spectra of 40-60% loading of 
the PP onto SC2 carbon. The spectra are all on the same scale so the changes 
associated with the incremental increase in load can be observed. The broad peak 
shifted to low frequency is observed initially, as expected, with a low loading of PP. 
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Figure 4.12. 3 ip NMR spectra of the SC2 carbon loading experiment with PP. spectrum 
(A) 10% w/w (B)20% w/w and (C) 30% w/w load. 
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When the load increases then a narrow peak develops at 31.7 ppm. This peak then 
appears to fill up, and at 50% and 60% w/w loads of PP a second narrow peak is 
observed. The second narrow peak, at 32.8 ppm, then builds up as the load increases. 
The increase in load also adds some extra width to the high-frequency side of the 
broad peak. 
The chemical shift results for the narrow peak are given in table 4.5, The 
chemical shift of the pure Uquid adsorbate prior to adsorption is given for comparison 
with the adsorbed phosphates. 
Chemical shift of the narrow peak (ppm) 
TMP TEP DMMP PP 
Liquid 2.69 -0.70 32.9 31.7 
SC2 2.45 -0.90 34.15 32.8,31.5 
ASZM 2.50 -0.75 33.2 31.90 
BPL 2.50 -0.75 34.2 32.4 
Table 4.5. Table of the chemical shift of the narrow line for the four phosphates. 
The results show that the carbons have shifted the TEP and TMP lines slightly 
to lower frequency compared to the pure liquid. The DMMP and PP phosphates are 
shifted slightly to higher frequency than the pure Hquid except for the SC2 carbon. The 
first narrow line for the SC2 carbon with PP adsorbed moves marginally to lower 
frequency and the second line is at higher frequency than the pure liquid. All the lines 
are slightly broader (130%) for the adsorbed spectra than the pure liquid. 
4.1.2.4. Analysis of the carbon types 
This section analysed the NMR data for chemical shift and line width for each 
carbon substrate to see i f the adsorption mechanism for the phosphates could be 
elucidated. Figure 4.14 shows the linewidth and chemical shift for increments of TEP 
and TMP loaded onto SC2 carbon. 
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Figure 4.14. Plots of chemical shift and half-height linewidth for the broad peak of 
TEP and TMP adsorbed onto the SC2 carbon 
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The resuhs show that the linewidth of the broad peak initially increases with 
increased load and then falls as the narrow peak becomes evident. The linewidth then 
gradually increases again as the load increases. The chemical shift of the broad peaks 
moves to lower frequency as the load increases. The major change is between 10 and 
20%) w/w for each phosphate adsorbed onto SC2 carbon. 
Figure 4.15 shows the linewidth and chemical shift for increments of TEP and TMP 
loaded onto ASZM carbon. 
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Figure 4.15. Plots of chemical shift and half-height linewidth for the broad peak of 
TEP and TMP adsorbed onto the ASZM carbon. 
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The results show that the linewidth of the broad peak initially decreases with 
increased load and then increases as the narrow peak becomes evident. The chemical 
shift of the broad peak moves to higher frequency as the load increases. The major 
change is between 10% and 20% w/w for the TEP adsorbed onto ASZM carbon. 
Figure 4.16 shows the linewidth and chemical shift for increments TEP and 
TMP loaded onto BPL carbon. 
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Figure 4.16. Plots of chemical shift and half-height linewidth for the broad peak of 
TEP and TMP adsorbed onto the BPL carbon. 
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The results show that the linewidth of the broad peak increases consistently 
with increased load. The chemical shift of the broad peak moves slightly to higher 
frequency as the load increases. 
The pattern for the chemical shift of the broad peak as a function of phosphate 
load for the DMMP and PP is different for the carbon substrates. Figure 4.17 shows 
the chemical shift of the broad peak for DMMP and PP on the SC2 carbon. 
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Figure 4.17. Plot of chemical shift for the broad peak of DMMP and PP adsorbed onto 
the SC2 carbon. 
The resuhs show that the chemical shift of the PP broad peaks moves sUghtly 
to lower frequency as the load increases. The chemical shift of the DMMP broad peaks 
moves slightly to lower frequency as the load reaches 30% w/w and then increases 
slightly. 
Figure 4,18 shows the chemical shift of the broad peak for DMMP and PP on 
the ASZM carbon. 
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Figure 4.18. Plot of chemical shift for the broad peak of DMMP and PP adsorbed onto 
the ASZM carbon. 
The resuhs show that the chemical shifts of the DMMP and PP broad peaks 
initially move to lower frequency as the loads increase. They then move to higher 
frequency as the load fiirther increases. 
Figure 4.19 shows the chemical shift of the broad peak for DMMP and PP on 
the BPL carbon. 
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Figure 4.19. Plot of chemical shift for the broad peak of DMMP and PP adsorbed onto 
the BPL carbon. 
The results show that the chemical shift of the DMMP and PP broad peaks 
initially move to lower frequency as the load increases. They then move to higher 
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frequency as the load further increases. This is similar to the behaviour on the ASZM 
carbon, 
4.1.2.5. Investigation of the carbon substrates 
This section looks at the resuhs for each phosphate on the three carbon types. 
Figure 4 ,20 shows the spectra of 60% w/w loads of TEP and TMP on the three carbon 
substrates. Figure 4.21 shows the 60% w/w loads of DMMP and PP on the three 
carbon types. These spectra are on similar scales and show how the saturated carbon 
types compare for different phosphates. 
The TMP and TEP spectra are quite similar in their appearance when the 
carbons are saturated. The ASZM and BPL carbons have a broad peak at a similar 
chemical shift and half-width. The broad peak for the SC2 carbon is narrower and 
shifted to lower frequency. The narrow peak is similar in position and width for all 
three carbons. 
The spectra for DMMP and PP are different. The broad peak position for the 
BPL and ASZM is similar but the BPL peak is broader. The SC2 carbon once again 
has a narrower peak shifted to low frequency. The narrow peak for the ASZM carbon 
seems to be shifted to low frequency compared to the BPL carbon for both adsorbates. 
The SC2 carbon has a narrow peak similar to the BPL carbon for the DMMP carbon. 
The PP adsorbate gives two narrow peaks with one similar to the BPL and one similar 
to the ASZM carbon. 
Comparison of the peak integral and chemical shift for the incremental 
loading experiment allows the comparison of the carbon substrates. Figure 4.22 shows 
the broad peak integration and chemical shift data for incremental loads of TEP 
adsorbed onto the three carbon substrates. Figure 4.23 shows the broad peak 
integration and chemical shift data for incremental loads of TMP adsorbed onto the 
three carbon substrates. Figure 4.24 and 4.25 show the broad peak integration and 
chemical shift data for incremental loads of DMMP and PP respectively, adsorbed onto 
the three carbon substrates. 
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Figure 4.20. ''P NMR spectra of the three carbon substrates with (A) 60% w/w load of 
TMP and (B) 60% w/w load of TEP adsorbed. 
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Figure 4.21. ^^ P NMR spectra of the three carbon substrates with (A) 60% w/w load of 
DMMP and (B) 60%i w/w load of PP adsorbed. 
154 
I 
•a 
£ 
CQ 
60 T 
50 + 
w 40 H 
2 
ASZM 
0 10 20 30 40 
T E P load (w/w%) 
50 60 
•9 + 
-8 + 
-10 -I 1 h H 
10 20 30 40 
Phosphate load (w/w%) 
ASZM 
50 60 
Figure 4.22. Plots of the broad peak integral and chemical shift for the TEP loading 
experiment on the three carbon types. 
The resuhs show that the integrals give a similar loading pattern for each 
carbon substrate. The BPL has the largest broad peak area available to TEP and 
ASZM has the smallest. The chemical shift data are very different with the SC2 carbon 
moving to lower frequency and the BPL and ASZM moving to higher frequency as the 
TEP load increases. 
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Figure 4.23. Plots of the broad peak integral and chemical shift for the TMP loading 
experiment on the three carbon types. 
The results show that the integrals give a similar loading pattern for each 
carbon substrate. The BPL has the largest broad peak area available to TMP and 
ASZM the smallest. The chemical shift data are very different, with the SC2 carbon 
moving to lower frequency and the BPL and ASZM moving to higher frequency as the 
TEP load increases. The resuhs are similar to the TEP data. 
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Figure 4 .24. Plots of the broad peak integral and chemical shift for the DMMP loading 
experiment on the three carbon types. 
The resuUs show that the integrals give a similar loading pattern for the BPL 
and ASZM carbon substrates. The loading onto the SC2 carbon shows a very much 
larger broad peak area available for the DMMP. The chemical shift data are very 
similar with the broad peak for each carbon moving to lower frequency and then to 
higher frequency as the DMMP load increases. 
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Figure 4.25. Plots of the broad peak integral and chemical shift for the PP loading 
experiment on the three carbon types. 
The results show that the integrals give a differing loading pattern for the 
carbon substrates. The loading onto the SC2 carbon shows a larger broad peak area 
available for the PP but the broad peak develops slowly. The ASZM carbon has a very 
small broad peak area which fills slowly. The BPL carbon has a larger broad peak area 
available and fills quicker than the SC2 carbon. The chemical shift data are very similar 
for the BPL and ASZM carbons, with the broad peak for each carbon moving to lower 
frequency and then to higher frequency as the DMMP load increases. The reverse is 
true of the SC2 carbon. 
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4.1.3. Long term ageing effects 
The final section in the ^^ P experiments is concerned with long term ageing 
effects in the samples. The same sample was re-run under identical conditions over a 
thirty-three day period to see if the spectrum changed over time. Figure 4.26 shows the 
spectrum after one hour, ten days and thirty-three days. The intensity of the narrow 
peak falls off during the period and a corresponding increase in the broad peak area is 
observed. 
4.1.4. Discussion 
4.1.4.1. The effects of adsorption on the pure liquid 
High-resolution 31p NMR spectra of the pure liquid adsorbates were obtained 
with a single-pulse regime and no magic-angle spinning. The rapid molecular motion in 
the liquid averages the orientation-dependent SA and dipolar interactions to zero so 
the linewidths are small (ca 50Hz for TEP and 75 Hz for PP). The molecular motion 
for PP is restricted since the molecules are large and the liquid is quite viscous, so this 
causes the linewidth to be slightly larger than the TEP. 
When the 10% load of phosphates is adsorbed onto the activated carbon then 
the linewidth increases to 220-250 Hz. High-resolution spectra are obtained using a 
single-pulse regime with magicrangle spinning at 3.0 kHz to remove SA broadening 
effects. This broad peak is shifted sonie 7-8 ppm to low frequency as the adsorbate is 
adsorbed. The results are similar to those for 2 H 2 O adsorption described in chapter 3. 
The adsorbed molecules are held between graphitic sheets in the micropores^ and the 
derlocalised electron cloud creates extra shielding of the phosphorus nuclei. This extra 
shielding causes the chemical shift to move to low frequency. The increased linewidth 
indicates a restriction in molecular motion caused by the adsorption process. The 
molecular motion is probably rapid but anisotropic, in contrast to the rapid isotropic 
motion of the liquid adsorbate. Trhis restriction in motion scales the dipolar interaction 
and SA but does not remove it completely. The residual dipolar and SA mteractions 
broaden the peak. The broad peak may also be composed of a number of lines with 
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Figure 4.26. 3 IP NMR spectra of the SC2 carbon long-term ageing experimentwith a 60% 
w/w TMP loading. Spectrum (A) was taken after 1 hour, (B) after 10 days, and (C) after 33 
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similar shift which overlap. This means that the observed peak width increases as the 
various adsorbate environments are populated. The observed peak width is caused by a 
mixture of broadening from anisotropic motion and peak overlap. 
The spectra of the SC2 with 60% w/w loading of each phosphate show that a 
similar loading pattern is seen in the ^ip NMR of the phosphates, to that observed by 
2 H NMR of 2 H 2 O loading on SC2 activated carbon. The broad peak fills at high loads 
and a second narrow peak develops at a chemical shift close to the pure liquid 
adsorbate. The second peak is 100-140 Hz wide and therefore of intermediate width 
between the liquid adsorbate and the adsorbate held in the micropores. The second 
peak is attributed to molecules adsorbed on the carbon external surface or in the 
macropores. The resuh of the PP adsorption at 60% w/w on SC2 is obviously 
abnormal, with two narrow peaks, and will be discussed later. 
4.1.4.2. Typical loading characteristics 
The resuhs then concentrate on each of the carbon substrates, looking at the 
peak areas as a fiinction of the adsorbate load. Figure 4.4 and 4.5 show a typical set of 
spectra following the loading increase of the TMP phosphate on the SC2 carbon. The 
results are again very similar to the previous 2 H 2 O loading experiment. The broad peak 
develops initially as the phosphate is adsorbed into the micropores. A second, 
narrower, peak develops at 30% w/w loading. The narrow peak increases in intensity 
as the phosphate load increases. 
4.1.4.3. Maximum available micropore volume 
The analysis of relative peak areas enables the NMR data to provide 
information about the amount of phosphate adsorbed in each environment. The plots 
of the broad peak area, as a fiinction of phosphate, give values of the maximum 
amount of phosphate which can be adsorbed into the micropores. When the data for 
the narrow peak are included then a complete picture of the adsorption of phosphates 
can be built up. 
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The SC2 carbon has the largest micropore availability for the DMMP and TMP 
adsorbates. The amount of TEP that can be adsorbed is only 65% of that amount and 
even less PP can be adsorbed. The PP loading shows a completely different broad peak 
loading profile and will be discussed separately. 
The ASZM carbon has a maximum accessibility for the TMP molecule in the 
micropores. The DMMP micropore adsorption limit is slightly reduced, and the TEP 
adsorption in the micropores is a Uttle lower than that. The PP adsorption has a strange 
profile. The broad peak does not fill to a maximum area until the load is 50% w/w PP, 
even though the maximum area available in the micropores corresponds to less than a 
20% w/w load of PP. The PP molecule is very large and the adsorption is probably 
diffusion controlled with the molecules not filling the available micropores quickly. 
The BPL carbon has the largest maximum micropore accessibility for TMP 
then TEP and thirdly DMMP The amount of these three phosphates adsorbed into the 
micropores is generally larger for the BPL carbon than the SC2 and ASZM. The PP 
loading seems to have a standard profile but the large molecular size means that the 
peak area is only 60% the size of the TMP peak. The fact that the large PP molecules 
are adsorbed at the same rate as the other phosphates suggests that the BPL 
micropores are easier to access than for the SC2 and ASZM carbons. 
The plots of the development for the narrow peak show that it develops slightly 
before the broad peak fills. This means that some external surface sites are filled 
preferentially to some micropores. This is especially true for the TMP molecules which 
develop a small narrow peak well before the micropore reaches its maximum area. The 
SC2 carbon shows a very different profile for the PP adsorption which is discussed 
next: The advent of the narrow peak can be used to find the maximum micropore area 
by extrapolation from the region where the narrow peak takes all the extra load of 
phosphate. 
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4.1.4.4. Anomalous loading characteristics 
The loading of PP onto the SC2 activated carbon shown in figures 4.12 and 
4.13 follows a different pattern. The broad peak associated with PP adsorbed in the 
micropores builds up throughout the loading experiment and seems to be via a 
diffusion controlled process. A narrow peak at 31.5 ppm builds up from 10% to a 
limiting value at 50% w/w loads of PP. A second narrow peak at 32.8 ppm is seen at 
40% w/w loads and this gradually increases with the load. The two narrow peaks 
suggest two separate external surface/macropore environments are available to PP 
molecules not adsorbed in the micropores. The peaks are broader than the pure liquid 
PP, with one shifted to low frequency and one to high frequency. The PP is certainly 
associated with the carbon since the motion is reduced, increasing the linewidth. One 
site has increased shielding of the phosphorus and the other one shows decreased 
shielding. The peak moved to low frequency of the liquid PP shift is populated 
straightaway at low loads but reaches a finite area at 50% w/w loads. The exact nature 
of these sites is not yet known. 
4.1.4.5. External surface adsorption 
Table 4.5 shows the position of the narrow peak for each phosphate on the 
three carbons compared to the pure liquid values. The TMP and TEP adsorbates have 
narrow peaks shifted to low frequency when adsorbed onto the activated carbon. The 
DMMP and PP however have shifted to high frequency. As mentioned previously the 
PP adsorbed onto SC2 has two peaks, one either side of the liquid value. The exact 
reason for the shielding differences is not yet knoAvn. 
4.1.4.6. Detailed analysis of the micropore adsorption 
The broad peak for the TEP and TMP was analysed in detail over the loading 
experiment to see if the chemical shift and Unewidth varied. The results show that the 
broad peak associated with molecules adsorbed in the micropores did vary for each 
carbon type as the load increased. The observed variations in linewidth and chemical 
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shift were significant but not as dramatic as the differences between micropore and 
external surface adsorption. This variation in the chemical shift implies that the broad 
peak is a composite consisting of overlapping lines with similar chemical shifts. The 
associated linewidth differences suggest that the hnewidth is also dependent on the 
molecular motion and on how rigidly the adsorbate is held in the pores. The resuhs 
give a compUcated picture, with the observed chemical shift being a weighted average 
of the available sites in the micropores. These systems have never been studied in such 
detail and therefore no theories to describe the adsorption process have been 
developed. The NMR resuhs themselves give some evidence about these processes, 
but the lack of conventional analysis as corrobative evidence means that the 
conclusions drawn from NMR data can not be considered as conclusive. 
The SC2 carbon initially exhibits decreases in chemical shift and increases in 
linewidth as the adsorbate load increases. This is consistent with extra different 
micropore sites being available as more phosphate is added to the system. The extra 
sites are at lower frequency to the ones accepting the first adsorbate molecules. This 
means that phosphate is preferentially adsorbed in the larger micropores. This suggests 
that the smaller pores, where the adsorption potential is greatest, are more difficuh for 
the adsorbate to reach. The larger micropores create less shielding of the phosphorus 
nuclei, giving a peak at a sUghtly higher frequency. 
The increased load of phosphate is then adsorbed in the more abundant smaller 
micropores with high adsorption potential, and the chemical shift remains constant. 
The Unewidth falls off as the broad peak increases in area. This occurs because the 
molecules are less rigidly bound as multi-layers develop and the phosphate becomes 
more liquid Uke. 
At the point that the narrow peak develops the broad peak increases in width 
and the chemical shift does not move. This is logical as the small amount of micropores 
at the extremity of possible adsorption size will fill after this point. The broad peak will 
develop extra area at low and high frequency (very small and very large micropores), 
increasing the Unewidth but not changing the mean peak position. 
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The ASZM carbon has a different profile, with an initial increase in frequency 
and decrease in Unewidth. The ASZM carbon initially adsorbs the phosphate in the 
smaller pores and then the larger micropores fill. The linewidth initially is broad as the 
molecular motion is restricted in the narrow pores but decreases as the larger pores are 
fiHed. The transport of the adsorbate to the small pores is better than for the SC2 
carbon. The linewidth then falls off as the molecular motion increases with muhi-layer 
build-up. 
The BPL carbon does not show much variation in the observed chemical shift, 
and the linewidth increases consistently as the loading increases. The results suggest 
that the BPL carbon has a large distribution range of pore sizes available to the 
phosphate. As the load increases then pores at the small and large end of the 
distribution are filled and the peak becomes wider, but the average shift will remain 
constant. 
The DMMP and PP molecules showed different characteristics with the 
variation of chemical shift with loading. The linewidth was difficult to measure 
accurately so the results just give the chemical shift data. The SC2 carbon shows the 
same adsorption pattern for DMMP as for TEP and TMP. The PP loading is different 
as discussed earUer. The ASZM and BPL carbons show large variations in the chemical 
shift as the load increases. For both the DMMP and PP the shift moves to low 
frequency as the load increases, but as the broad peak reaches its maximum area, then 
the chemical shift moves to high frequency. This suggests that these larger molecules 
adsorb in the larger micropores initially, and then move into the smaller pores with the 
larger adsorption potential. The final movement back to high frequency shows that the 
larger micropore sites previously unpopulated are available as the micropores become 
saturated. The resuhs are opposite to the TEP and TMP results for the ASZM carbon 
because the transport pores do not seem to be able to move the larger molecules into 
the rhicropores as easily. 
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4 .1.4 .7. Comparison of the carbon substrates 
The carbon substrates can be compared directly by looking at the spectra for 
each one with the same load of adsorbate. The best way to compare the carbon 
substrate is to saturate the load so that all the available pores are fiill. Figures 4 20 and 
4.21 show this scenario. The phosphate spectra basically show similar characteristics 
with two distinct adsorption environments. The SC2 and ASZM carbons have similar 
linewidths for the broad peak, but the BPL carbon is visibly broader. This suggests that 
the BPL carbon has a larger distribution of micropore size, with more overlapping lines 
creating the extra linewidth. The micropore peak for the SC2 is shifted to lower 
frequency for each adsorbate. This may be caused by a greater shielding effect from the 
graphitic carbon 7c-electron cloud. The SC2 carbon is derived from coconut shells and 
the BPL and ASZM from coal and the carbon structure is thought to be much better 
defined than the coal based carbons, with a smaller pore-size distribution. 
The broad peak especially for the SC2 carbon is not symmetric, with extra area 
developing on the high frequency side. This phenomenon was discussed for the 
deuterium resuhs. The SC2 carbon has a quite small pore-size distribution and gives a 
quite narrow peak. However as the carbon is saturated the sites with lower adsorption 
potential will be populated. Micropores at the small end of the distribution will not fill 
because the phosphate molecule can not fit into the pore. However the larger 
micropores can be accessed and give rise to peaks at the high-frequency edge of the 
broad peak. 
The narrow peak seems to develop in quite similar positions for the TEP and 
TMP adsorbates. However, the DMMP and PP adsorbates have very different narrow 
peak positions. The ASZM carbon has the external adsorption shifted to low frequency 
compared to the BPL carbon. The SC2 carbon has adsorption at high frequency similar 
to the BPL for DMMP. However, the two narrow peaks for the PP adsorbate give one 
to low and one to high frequency. Obviously the carbons adsorb the DMMP and PP in 
different environments but the exact nature of the sites is not yet known. 
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When the carbon is saturated it gives information about the complete range of 
pores available, but an investigation of the NMR data as the load increases shows how 
the phosphate is adsorbed. The plots of the broad peak integral and the corresponding 
chemical shift data help to suggest which pores are filled preferentially for each carbon 
type. 
The largest amount of TMP and TEP adsorbed into the micropores is by the 
BPL carbon, and the least by the ASZM. The chemical shift data show that the 
adsorption process is very different for the ASZM and BPL compared to the SC2 
carbon, as discussed previously, The SC2 carbon adsorbs initially into the large 
micropores whereas the ASZM and BPL adsorb into smaller micropores and then the 
larger ones. The differences probably he in the ease of access to the small micropores. 
The DMMP has a maximum adsorption in the micropores from the SC2 
carbon, with the BPL and ASZM very similar in area available. The mechanism for 
adsorption is very similar, with the phosphate going into the larger micropores prior to 
the larger ones. The transport to the small micropores is not as effective for DMMP in 
the ASZM and BPL carbons. 
The PP adsorption is compUcated because the molecule is very bulky and. the 
broad peak filling is diffusion controlled. The ASZM and BPL carbons have similar 
loading profiles and chemical shift patterns. The phosphate data give accessibility 
information for specific molecules: the ASZM will not adsorb very much PP in total, 
so the micropores are either too small or the entrances get blocked up. The SC2 
carbon once again is very different in the way it adsorbs the PP molecules. The broad 
peak fills slowly but eventually adsorbs more than the BPL, suggesting the SC2 has 
pores the correct size for the PP but the transport to the micropores limits the 
adsorption. 
4.1.4.S.Long-term ageing effects 
The long-term ageing experiment is very interesting. The spectrum changes 
over time, with the TMP adsorbed on the external surface moving into the micropore 
peak. The thirty-three day period sees the narrow peak lose 75% of its intensity. The 
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long-term ageing is probably a mixture of two effects. The molecules in the micropores 
can re-arrange over time, unblocking some pores so that more of the micropore 
volume is available. The gravimetric data from water adsorption suggest that 
equilibrium is reached in a few hours, but this can not detect any movement between 
adsorption sites. There is also evidence from carbon chemists, discussed in the 
introduction, that the phosphates cause the pore system to change. Successive 
adsorption of TEP molecules mutates the micropore surface, including hetero atoms 
into the graphitic planes thus widening the pores. The widening of the pores would 
take some time and would increase the accessible micropore area. 
4.1.5. Conclusions 
Phosphorus NMR can be used to follow the adsorption of phosphates onto the 
activated carbon samples. The effect of the adsorption on the pure Uquid can be 
observed, initially with a broad peak shifted to low frequency associated with the 
adsorption of the phosphates in the micropores. At higher loads a narrow peak is 
observed which is attributed to phosphate adsorbed on the external surface. This 
standard loading pattern is followed by each system except PP adsorbed onto SC2 
carbon. This anomalous experiment gives two narrow peaks associated with external 
surface sites. 
The peak integration data give information about the maximum micropore 
accessibility for each phosphate-carbon system. More detailed analysis of the chemical 
shift and linewidth data for the micropore adsorption gives some extra information 
about the loading process. The resuhs show that analysis of the carbon substrates as a 
group, with similar adsorbate loads, ^ves valuable information about the carbon and 
how it adsorbs each phosphate. The spectra with each carbon saturated with phosphate 
yields mformation about the type of pores accessible in each carbon substrate. 
The long-term ageing experiment shows that NMR is usefiil because it can 
distinguish adsorbate movement between various sites within the carbon. This is a 
major advantage over the more conventional gravimetric analysis. 
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Chapter 5 Competiitioini reactioras 
5.1 Introduction 
It is possible to use solid-state NMR to follow competition between adsorbates 
for activated carbon systems. The major system of interest for the project was 
competition betwen deuterated water and organophosphates. These systems simulate a 
possible environment in which the carbons would be used in the battle field. NMR data 
were taken under identical conditions at regular intervals to study the kinetics of the 
adsorption competition. 
The adsorbates used in these experiments were 9 9 . 9 9 % enriched 2H2O from 
Aldrich, triethyl phosphate (TEP) and cyclohexyl methyl methyl phosphonate (PP). 
These were adsorbed onto the dry SC2 nutshell carbon and the dry ASZM coal carbon 
provided by the C.B.D.E. The samples were prepared by adsorbing a known amount of 
one adsorbate via pipette onto the carbon. This was left for one hour to reach 
equilibrium, then the second adsorbate was added via pipette to the sample. The 
sample was transferred to a teflon insert whh a thumb-tight Ud and then analysed by 
NMR as quickly as possible. 
The NMR spectra Were run on the CMX 200 using a MAS probe with a 7.5 
mm pencil rotor containing the air-tight teflon insert, which avoided any evaporation 
into the atmosphere. High-resolution spectra were obtained for the ^H and ^^ P nuclei 
using a single-pulse regime with no proton decoupUng. The pulse delay was l-2s to 
allow complete relaxation between pulses. The number of transients taken varied 
between 4 and 64 so each spectra took between 4s and 2 minutes to acquire. All the 
competition spectra were acquired using the CMXW macro Delay. This macro allowed 
the spectrum to be re-run under identical conditions. The number of spectra to be run 
and the delay period between spectra can be set by the experimentalist to follow the 
competition as required. The experiments varied from spectra run every hour for 24 
hours, to spectra every minute for 2 hours. 
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The time plotted for each experiment needs to be examined carefiilly to avoid 
confiision. I have set the time of addition of the second adsorbate as tune zero in each 
case. This is explained below: 
Spectrum taken 
one adsorbate 
Addition 2 
adsorbate 
Competition 
spectrum 
"PNMR 
'HNMR 
-2 mins 1-5 mins TIME 
The experiments that were run on the competition reactions fell into two 
groups. The first section involved ^HjO pre-adsorbed onto the carbon and then the 
phosphate was added. The competition was followed by ^H and ^ ip NMR. The second 
section concerned TEP pre-adsorbed onto the carbon and then 2H2O was added, this 
was also studied using ^H and ^  ^ P NMR. 
5.2 Resuhs 
The results have been included as a series of selected stacked spectra because 
there were too many spectra taken to show them all. There are also several graphs 
showing the saUent peak hieghts as a fiinction of time. These show the general trends 
observed in the ^H and ^ip NMR spectra. 
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5.2.1 Pre-adsorbed 2H2O. 
The first experiment used the SC2 dry carbon with 35% w/w 2H2O adsorbed. 
The sample was left to equilibrate for one hour, and then the spectra were taken. 
The sample then had 35% w/w TEP added, followed by transfer to the NMR insert. 
The spectra were run 1 minute after the addition of the second adsorbate. Each 
spectrum had 64 transients with a pulse delay of 2s, the spectra were run once 
every hour for the next 24 hours. The ^^ P NMR spectra were taken in a subsequent 
experiment using a sample prepared in the same manner. The ^^ P spectra were nm 
using 64 transients and a 2 s pulse delay. Once again a spectrum was run one minute 
after the addition of the second adsorbate and every hour subsequently for 24 hours. 
The stacked plots for the ^^ P and NMR are shown in figure 5.1. The time since the 
addition of the second adsorbate is indicated on the figure. 
Figure 5.2 shows the spectrum before the addition of the second adsorbate 
compared to the first spectra taken after 2 minutes in the competition reaction. The 
spectra show that when there is only ^HjO adsorbed on the carbon then the broad peak 
at -8 .5 ppm is very large. However just two minutes after the addition of the TEP the 
spectrum changes dramatically, with the narrow peak at 0 ppm becoming a lot larger 
than the broad peak. The spectra are on the same scales and the total area under the 
peaks in each, remains the same. This means that the 2H2O is re-distributed within the 
carbon and not lost to the atmosphere. 
Figure 5.3 is a graph of the peak intensities for the competition reaction as a 
Sanction of time. The ^^ P and NMR data are included on the same graph to 
compare the two adsorbates behaviour. The ^^ P data show that the narrow peak at -1 
ppm decreases in intensity exponentially as a fiinction of time.The time constant for 
this exponential decay is,6.5 hours. The broad peak increases in intensity over the same 
period of time. The NMR data show the narrow peak at 0 ppm increasing 
dramatically as the second adsorbate is added to the system. The narrow peak then 
increases in intensity at a slower rate over the next 24 hours. 
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Figure 5 1 Stacked spectra following the adsorbate competition between 5^ /o w/w TEP 
added to a sample of SC2 with 35% ^ H.O pre-adsorbed, for 24 hours. Spectra (A) shows P 
NMR of TEP. Spectra (B) shows "H NMR of the 'H.O, Time indicated in hours. 
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Figure 5.2. spectra of (A) SC2 with just 35% 2H,0 adsorbed and (B) 1 mmute 
after 35% TEP was added to the sample. 
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Figure 5.3. Graph showing the relative 31p and NMR peak heights for 24 hours 
after the addition of 35% TEP to the SC2 carbon with 35% 2H2O pre-adsorbed. 
The next experiment was set up to compare the results using a different carbon 
and a larger phosphate. The experiment used the ASZM dry carbon with 35% w/w 
2H2O pre-adsorbed onto it. The system was allowed to equilibrate for one hour and 
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Figure 5.4. Stacked spectra foUowing the adsorbate competition between 35% ?? a d ^ 
to ^sample of ASZM^vith 35%^.0 pre-adsorbed, for 24 hours. Soectra (A) show P NMR 
of pp Spectra (B) show -H NMR ofthe-H,0. Time indicated m hours. 
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then 35% w/w of PP was added to the sample. The sample was transferred to the 
NMR insert and the NMR analysis started as soon as possible. The first spectrum 
was run I minute after the addition of the second adsorbate. Each spectrum had 64 
transients wdth a pulse delay of 2 s, and the spectra were run once every hour for 
the next 24 hours. The ^ P^ NMR spectra were taken in a subsequent experiment using 
a sample prepared in the sarhe manner. The ^^ P spectra were run using 64 transients 
and a 2 s pulse delay. Once again the spectrum was run one minute after the addition 
of the second adsorbate and every hour subsequently for 24 hours. 
The stacked plots for the ^^ P and NMR are shown in figure 5.4. The time 
since the addition of the second adsorbate is indicated on the figure. The general trend 
of the^lp stacked plot is the same for the two phosphate molecules, except that the 
decrease in intensity of the narrow peak is less dramatic for the larger P.P molecule. 
Once again the major increase in the *^P broad peak occurs over the first hour. These 
results were very consistent and f epeatable. 
Figure 5 .5 is a graph of the peak intensities for the competition reaction as a 
fimction of time. The ^^ P and NMR data are included on the same graph to 
compare the behaviour of the two adsorbates. The ^ P^ data show that the narrow peak 
at 34 ppm decreases in intensity as a fimction of time. The initial decrease over the first 
2 hours is more pronounced than the decrease over the next 22 hours. The broad peak 
at 24 ppm increases in intensity over the same period of time. The NMR data show 
the narrow peak at 0 ppm increases in intensity over the 24 hours. Once again the 
initial increase is gradually reduced in rate over the 24 hour period. 
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Figure 5.5. Graph showing the relative 3lp and NMR peak heights for 24 hours 
after the addition of 35% PP to the ASZM carbon with 35% 2H2O pre-adsorbed 
The third set of experiments was set up to see if the choice of carbon substrate made 
any difference to the results. The first experiment used the SC2 dry carbon with 40% 
w/w 2H2O adsorbed. The second experiment had 40% w/w ^ HiO adsorbed onto the 
ASZM carbon. The samples were left to equilibrate for one hour then had 40% w/w 
TEP added. Each sample was transferred to the NMR insert and the ^^ P spectra were 
run using 16 transients and a 2 s pulse delay. Once again the spectrum was run one 
minute after the addition of the second adsorbate and every hour subsequently for 18 
(A). 
, J •, 'fr«m^'P NMR of TEP following the adsorbate competition for 18 
"^Z^^:^!:^^^ TtaeMcated ..hours. 
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hours. The stacked plots for the ^^ P NMR data for each carbon are shown in figure 
5.6. The time since the addition of the second adsorbate is indicated on the figure. 
Figure 5 .7 is a graph of the peak intensities for the competition reaction as a 
fiinction of time for the ASZM carbon. The ^^ P NMR data are included on the same 
graph to compare the adsorbate's behaviour with the graph in figure 5.3. showing the 
corresponding data for the SC2 carbon. The ^^ P data show that the narrow peak at -1 
ppm decreases in intensity exponentially as a fiinction of time. The broad peak 
increases in intensity over the same period of time. This pattern applies for both types 
of carbon. 
31P peak at 0 ppm 
31 P peak at -6 ppm 
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Figure 5.7. Graph showing the relative ^^ P NMR peak hieghts for 18 hours after the 
addition of 40% w/w TEP to the ASZM carbon with 40% w/w 2H2O pre-adsorbed. 
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5.2.2 Pre-adsorbed TEP 
The second section describes experiments using samples with 60% TEP pre-
adsorbed onto the SC2 dry carbon substrate. The sample was left to equilibrate for one 
hour, and then the ^^ P spectra were run. The sample then had 40% w/w 2H2O added, 
after which it was transferred to the NMR insert. The first competition spectrum was 
run 1 minute after the addition of the second adsorbate. Each ^'P spectrum had 16 
transients with a pulse delay of 1 s. The spectra were run once every minute for the 
next 2 hours. The NMR spectra were taken in a subsequent experiment using a 
sample prepared in the same manner. The spectra were run using 4 transients and a 
1 s pulse delay. Once again the spectrum was run one minute after the addition of the 
second adsorbate and every minute subsequently for 2 hours. 
Figure 5 .8 shows the ^^ P spectrum before the addition of the second adsofbate 
compared to the first spectrum taken after 2 minutes in the competition reaction. The 
spectra show that when there is only TEP adsorbed on the carbon then the narrow 
peak at -8 ppm is larger than the broad peak at -1 ppm. However just two minutes 
after the addition of the 2H2O then the spectrum changes, with the narrow peak at -1 
ppm becoming the same height as the broad peak. The spectra are on the same scale 
and the total area under the peaks in each remains the same. This means that the TEP is 
re-distributed within the carbon and not lost to the atmosphere. 
Figure 5 .9 is a graph of the peak intensities for the competition reaction as a 
fiinction of time. The ^Ip and NMR data are included on the same graph to 
compare the behaviour of the two adsorbates. The ^ P^ data show that the narrow peak 
at -1 ppm decreases in intensity as a fiinction of time. The broad peak increases in 
intensity over the same period of time. The NMR data show the narrow peak at 0 
ppm decreasing in intensity over the 2 hours, and the broad peak also becoming 
smaller. This suggests that some 2H2O is lost in the experiment, but that is not the case 
because the broad peak becomes wider. The height decreases but the area under the 
peak actually increases. 
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Figure 5.8. ^ip spectra of (A) SC2 with just 60% w/w TEF adsorbed and (B) 2 
minutes after 40% w/w ^HiO was added to the sample. 
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Figure 5.9. Graph showing the relative ^Ip and NMR peak heights for 2 hours after 
the addition of 40% w/w 2H2O to the SC2 carbon, with 60% w/w TEP pre-adsorbed. 
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The second part to the pre-adsorbed TEP section describes experiments using 
samples with 60% TEP pre-adsorbed onto the SC2 dry carbon substrate. The sample 
was left to equilibrate for one hour, and then the ^^ P spectra were run. The sample 
then had 40% w/w 2H2O added, after which it was transferred to the NMR insert. The 
first competition spectrum was run 1 minute after the addition of the second adsorbate. 
Each 3^P spectra had 16 transients with a pulse delay of 1 s. The spectra were run 
once every minute for the next 21 hours. The NMR spectra were taken in a 
subsequent experiment using a sample prepared in the same manner. The spectra 
were run using 16 transients and a 1 s pulse delay. Once again the spechiim was run 
one minute after the addition of the second adsorbate and every minute subsequently 
for 21 hours. This experiment was used to see if there were any changes in the spectra 
over a longer time period. 
Figure 5 .10 is a graph of the peak intensities for the competition reaction as a 
fiinction of time. The ^Ip NMR data are plotted on the same graph to show the 
behaviour of the TEP over the 21-hour period. The ^^ P data show that the narrow 
peak at -1 ppm decreases in intensity as a fiinction of time. The broad peak increases in 
intensity over the same period of time. There seems to be little variation in the narrow 
peak intensity after 2 hours, but the broad peak height continues to increase over the 
21 hour period. 
Figure 5.11 shows the stacked plot of the NMR data for the 21 hour 
experiment. The time after the addition of the second adsorbate is indicated in hours on 
the figure. The narrow peak at 0 ppm decreases in intensity quickly over the first 20 
minutes and then decreases more slowly for the next 21 hours. The broad peak at -8 
ppm is quite small in comparison to the narrow peak, and the intensity appears to 
decrease over the 21 hour competition period. 
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Figure 5.10. Graph showing the relative ^ ip NMR peak heights for 21 hours after the 
addition of 40% w/w 2H2O to the SC2 carbon with 60% w/w TEP pre-adsorbed 
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Figure 5 11 Stacked spectra fi-om NMR of ^H.O foUowmg the adsorbate 
competition for 24 hours as 40% w/w ^H.O is added to SC2 carbon with 60% w/w 
TEP pre-adsorbed. Time indicated in hours. 
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Figure 5.12. shows a graph of the peak heights for the NMR data over the 
21-hour period of the competition reaction. 
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Figure 5.12. Graph showing the relative NMR peak heights for 24 hours after the 
addition of 40% w/w 2H2O to the SC2 carbon with 60% w/w TEP pre-adsorbed 
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The analysis of the broad NMR peak at -7.5 ppm needs to be very carefully 
carried out. The peak height seems to decrease, but the area under the line actually 
increases. Figure 5 .13 also shows that the chemical shift of the NMR broad peak 
changes dramatically through the experiment. The chemical shift changes from -8.5 
ppm to -6.5 ppm over the 21 hours. This may provide ftirther information about the 
competition between the two adsorbates. 
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Figure 5 .13. Graph showing the NMR chemical shift of the broad peak, associated 
with 2H2O adsorbed in the micropores, for 24 hours after the addition of 40% w/w 
2H2O to the SC2 carbon with 60% w/w TEP pre-adsorbed 
187 
5.3 Discussion 
The phosphate competition experiments with pre-adsorbed ^HiO on the 
activated carbon substrate give a good simulation of respirator canister use in an 
atmosphere challenged with a nerve agent. Figure 5.2 shows that in the initial 2 
minutes of the adsorption of the phosphate, the adsorbed ^H20 changes environment 
drastically. The NMR spectra show that the ^Hi^ ^ adsorb into the micropores 
of the carbon (52^ -8 ppm) when there is no adsorption competition. When the TEP is 
introduced then the 2H2O very quickly moves into the macropore/extemal surface 
environment, giving a peak at 0 ppm. Some of the 2H2O stays in the broad peak 
associated with the micropores. This could compromise molecules adsorbed in pores 
too small for the TEP molecules to exchange -with the together with 2H2O 
trapped in pores by adsorbed TEP. 
The stacked plot for the competition reaction shown in figure 5.1 shows more 
information about the adsorbate competition. The ^^ P NMR data show evidence of a 
further exchange process taking place over a longer time period. The graph in figure 
5.3 gives evidence of the ^^P harrow peak at -1 ppm decreasing in intensity 
exponentially over the 24 hour experiment time. The exponential time constant shows 
that half the molecules in the external surface sites, move into the micropores at a half-
life constant of 4.5 hours. The phosphate molecules adsorbed in the external surface or 
macropore environment only move gradually into the micropores via this secondary 
diffusion controlled process. This evidence is supported by the corresponding increase 
in the 3^ P broad peak at -7 ppm over the same time period. The increase in the height 
of the broad peak is small compared to the loss of height of the narrow peak, which is 
expected as the total area for both peaks has to remain constant in a sealed system. 
The 2H NMK data over the same period show that afi:er the initial large increase in the 
narrow peak there is a second slower increase during the next twenty four hours. This 
is consistent with more 2H2O moving out of the micropores to the macropore/ external 
surface environment. 
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The NMR data following the two adsorbates for the 24-hour experiment give 
mutually supportive evidence. The vast majority of the adsorbed water which is initially 
in the micropores moves into the macropore environment during the first two minutes 
of the addition of the TEP. Over the next twenty-four hours more ^H20 moves slowly 
from the micropores into the mesopores. This process is probably diffusion-controlled. 
The corresponding ^^P data from the TEP molecules show TEP preferentially 
adsorbed in the micropores, and the majority are adsorbed there after two minutes of 
competition. The TEP adsorbed in the macropores or on the external surface gradually 
moves into the micropores over the twenty four hours via the diflRision-controUed 
process exchanging with the 2H2O adsorbed there. 
The experiment using ASZM carbon and the larger PP phosphate gave very 
similar results to the TEP phosphate and SC2 carbon. The larger phosphate has fewer 
molecules adsorbed in the micropores because the molecules wall not fit into the 
smaller micropores. The second, slower exchange process occurs at a slower rate than 
for the TEP and has not finished after 24 hours. This is expected as the larger 
molecules wdll take longer in a diffusion controlled process. 
The experiment comparing the competition with TEP on the SC2 and ASZM 
carbons gives exactly the same results for both carbon types. The carbons are similar in 
structure and both have a large micropore and mesopore volume, and should not 
provide any conflicting competition evidence. 
The experiments with pre-adsorbed TEP gave some fiirther evidence about the 
competition for adsorption sites within the carbon samples. Surprisingly, the addition 
of 2H2O to the system does affect the adsorbed TEP. Figure 5.8 shows that the 60% 
w/w TEP adsorbed on its own shows two peaks with the narrow peak at -1 ppm larger 
than the broad peak at -8 ppm. After the addition of 40% 2H2O the two peaks have the 
same peak height. This suggests that some TEP molecules, originally adsorbed in the 
macropores, move into micropores that previously were not able to adsorb them. 
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Figure 5.9 shows that over the first two hours the ^^ P NMR broad peak 
increases in intensity quickly for the initial 10 minutes and then more slowly for the rest 
of the two-hour period. The narrow peak at -1 ppm decreases in intensity accordingly. 
This suggests that more of the TEP can be adsorbed in the micropores when 2H2O is 
present. 
The 2H NMR shows that the narrow peak at 0 ppm decreases in intensity 
initially then increases from 10 minutes to 50 minutes and then falls away again. The 
broad peak seems to decrease in intensity over the first 40 minutes of the competition 
reaction. There is, however, no loss of 2H2O because the broad peak becomes wider, 
so that the total area under the two peaks remains constant. The resuhs are 
complicated, and the ^HiO seems to be influenced by a cooperative process. Initially 
some of the 2H2O is adsorbed into the micropores that will not accept the TEP. Then 
some TEP adsorbed in the macropores or on the external surface, seems to be 
adsorbed into those micropores, exchanging with some of the newly adsorbed 2H2O. 
This would cause a rapid decrease in the intensity of the NMR narrow peak, 
followed by a small increase. This is supported by the increase in the amount of TEP 
adsorbed in the micropores. The ensuing further decrease in the NMR narrow peak 
is caused by a separate process shown m the 24-hour experiment. 
Figure 5.11 shows that after the 2 hour period the NMR narrow peak 
decreases in intensity consistently over the next 22 hours. This process is explained by 
looking at the NMR broad peak. The peak height drops but the peak becomes 
broader. Figure 5.13 plots the chemical shift of the broad peak as a function of time 
over the competition period. The chemical shift moves from -8.5 ppm to -6.5 ppm. 
This is consistent with the average size of the occupied pores increasing. The 2H2O is 
adsorbed in the large micropores and mesopores in the carbon that will not adsorb 
TEP. The water molecules initially, over the first 40 minutes, do seem to help adsorb 
some extra TEP in these pores. The larger pores only adsorb TEP when 2H2O 
molecules are present, and the adsorption process is quite slow. 
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5.4. Conclusions 
The experiments show that it is possible to observe some competition among 
adsorbates for the different adsorption centres in the carbon. Standard approaches such 
as gravimetric analysis yield no information about competition or adsorbate exchange 
within a sample. NMR is unique in its capability to directly observe the adsorbates and 
yield meaningfiil data about non-equilibrium systems. 
The NMR results prove that the TEP is preferentially adsorbed into micropores 
and displaces 2H2O in a two step process. NMR can observe this process and follow 
both adsorbates as they exchange. Furthermore the NMR results suggest that ^Kj^ 
has a role in co-operative adsorption of the TEP into larger micropores and possibly 
mesopore sites in the carbon. The NMR data could be used to determine some kinetic 
data and total adsorption volumes for various phosphate molecular sizes. 
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Chapter 6 Mdasatioini resmlts 
6.1. Hahn-echo experiments 
The transverse relaxation time T2 is a measure of relaxation in the xz- and yz-
planes. The relaxation arises from direct interactions between the spins of different 
nuclei without energy transfer to the lattice. The enthalpy of the spin system remains 
constant, but the entropy increases via the transverse relaxation process. The natural 
linewidth of a frequency domain signal is related to the decay rate of the transverse 
magnetization (for a perfectly homogeneous magnetic field). The transverse 
magnetization is represented by the FID measured in the time domain. The transverse 
relaxation time in the absence of inhomogeneous line broadening effects is given by 
equation 6,1. 
A i / 2 = l/(7tT2) 
Equation 6.1. 
This section describes an experiment set up to look at the broad peak observed 
in the and ^^ P NMR spectra associated with the adsorption in the micropores. The 
T2 experiment will differentiate between peaks with different natural linewidths and 
help to prove whether the broad peak does consist of overlapping peaks. 
When a 90° pulse is apphed along the x axis then the entire magnetisation is 
transferred to the y axis. The magnetisation can relax because of inhomogeneity in the 
external field and because of interaction processes in the system. The Hahn-echo 
experiment refocusses the effect of any inhomogeneity in the external field so that only 
T 2 relaxation processes can be causing the magnetisation's decay. The interaction 
processes cause the spins to exchange energy with each other. These interactions in the 
solid-state could be dipolar coupling between nuclear magnetic moments, magnetic 
coupling of electrons to the nuclei and quadrupolar coupling. In the solution-state the 
rapid molecular motion causes local variations in the field about the nucleus, aiding 
relaxation. Chemical exchange also causes the system to relax because if an atom 
moves from one chemically distinguishable site to another, carrying with it a nuclear 
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spin, and is replaced with an atom with a similar spin, the new precession phase is 
random and will not be refocused. 
Spins in different parts of the sample precess at different rates, so individual 
isochromats spread out in the xy plane as shown in figure 6.1(B). These can be 
refocussed, but the true transverse relaxation results in a dephasing of the coherent 
superposition of the transverse magnetisation with a time fiinction that can be 
measured. 
(Q " (D) 
Figure 6.1. Dephasing of transverse magnetisation in the rotating frame. (A) the action 
of a 90° pulse. (B) behaviour of the different isochromats of transverse magnetisation 
before and (C) after the 180° pulse. (D) Formation of the spin-echo. 
The Hahn spin-echo experiment, shown in figure 6.2, consists of a 90° pulse 
followed by a variable time period, tau, to allow the spins to de-phase. A 180° pulse 
moves the magnetisation into the -zy plane, and is then followed by another time 
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period tau allowing the spins to refocus. This re-phasing causes a spin-echo signal 
shifted in phase to the initial FID by 180°. The spin-echo has a reduced intensity due 
to transverse relaxation and not due to magnetic field inhomogeneities that typically 
cause a FID to decay. The magnetic field inhomogeneities are re-focused, so no 
intensity is lost from them. 
The FID is recorded at the end of the second time period tau. The amplitudes 
of the Fourier transformed resonance lines are reduced by a factor of exp (-2tau/T2). It 
is also valid to measure the maximum of the FTD as a fijnction of the dephasing time 
tau. The experiment is repeated with various values of tau, and the T2 value calculated 
by plotting the hi signal against 2x tau. The slope of the graph is equal to -I/T2. 
Hahn-echo sequence 
echo 
tau = dephasing time 
Figure 6.2 . Shematic diagram of the Hahn-echo pulse sequence. 
6.2. Experimental method 
The NMR experiment was run on the CMX 200 spectrometerwith the 7.5mm 
pencil rotor MAS probe. The ^Ip and ^H NMR experiments were run using the same 
procedure but at each specific frequency; Initially the single-pulse experiment was set 
up in the normal manner with close attention to calibrating the 90° pulse duration 
accurately. This is awkward to do as explained previously so a separate pulse 
programme called Fullecho was written to help the Hahn-echo experiment. The 
Fullecho pulse programme records the magnetisation straight after the 180° pulse imtil 
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the echo has fully decayed. This enables the experimentalist to observe the build up of 
the echo and hence accurately determine the maximum echo amplitude. This was 
necessary because pulse sequence imperfections mean that the echo maximum does not 
necessarily occur exactly one tau period after the 180° pulse. The FuUecho resuhs 
were used to obtain maximum echo amplitude values used in the plots for determining 
T2 values. The samples were spun at 4.0 kHz, with 256 transients and a pulse delay of 
2 seconds. The tau values varied between experiments and are included in the results 
section. 
The 'Hahnecho' pulse-programme was used after the position of the maxima 
was determined using the Fullecho sequence. The Hahnecho sequence recorded the 
FID starting at a time tau after the 180° pulse. This FID observed the echo decay, and 
allowed Fourier transform spectra to be obtained showing how the peaks changed with 
increasing values o f the dephasing time tau. 
The phosphate experiments looked at the SC2 carbon with loads of 20%, 40% 
and 60% w/w of TEP. The deuterium experiment looked at SC2 sample with 40% and 
60%w/w of 2H2O. The results are presented in the following section. 
6.3. Results 
The first experiment looked at the sample of SC2 with 20% w/w TEP adsorbed 
on it. The 'Fullecho' FID was recorded for tau values between 0.5 ms and 5ms. Figure 
6.3 shows the plot of the In of the maximum echo height against 2x tau. The slope of 
the line enabled T2 to be calculated using equation 2.2. 
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Figure 6.3 Graph of the hi signal vs dephasing time tau for ^^ P NMR spectra of SC2 
with 20% TEP. 
The calculated value of T2 is 2 4 +A 0.1 ms. The plot of the bi Signal against 
dephasing time gives one line suggesting that the broad peak consists of just one peak 
for the sample with 20% w/w TEP. The natural linewidth calculated using equation 
6.1, is 138 Hz. 
Figure 6.31 shows a plot of the actual linewidth of the Fourier transfomaed 
spectra for the same sample as a fijnction of the dephasing time 2x tau. 
270 + 
£ 250 t 
^ 230 + 
5 210 + 
^ 190 + 
0 2 4 6 8 
Dephasing time (ms) 
f igure 6;3;ir G r ^ h of the ^IP NTvM spectra^ broad: peak width as. a fii^ 
dephasing time 2x Tau , . 
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The fact that the linewidth reduces, as the tau value increases up to 2ms, 
suggests that some of the line broadening is heterogeneous and therefore not re-
focused in the Hahn-echo experiment. This indicates a dispersion of sites with different 
widths but figure 6.3 does not show any evidence of a multicomponent relaxation This 
may be because the tau v^ues used only went up to 10 ms. The extrapolated value of 
the observed linewidth from figure 6.3.1 gives 198 Hz which is larger than the natural 
linewidth value of 138 Hz calculated from the T2 of 2.4 ms. The observed linewidth is 
presumably broadened because of a dispersion of chemical shifts with similar widths. 
The second sample to be analysed was the SC2 with 40% w/w TEP adsorbed 
on to it. Figure 6.4 shows the corresponding plot of the natural log of the maximum 
echo height against the dephasing time 2x tau. The tau values range from 0.5 ms to 20 
ms. 
S T 
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Figure 6 A Graph of the Ln Signal against dephasing time 2x tau for the "P Spectra of 
SC2 carbon with 40% TEP. . 
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Figure 6.5. Fourier transformed Hahn-echo experiment on,SC2 with 60% w/w. TEP with the 
tau values indicated. 
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Figure 6 6 Fourier transformed Hahn-echo experiment on SG2 vvith 60% w/w TEP with the 
tau vahies indicated; 
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The graph of Ln signal versus dephasing time for the 40% loading of TEP on 
the SC2 carbon shows two distinct parts to the line. These correspond to two peaks 
with different T2 values. Analysis of the graph gives one line with a T2 value of 2.38 
+/- 0 2 ms (relating to a natural line-width of 134 Hz) and the other has a value of 43 .7 
+/- 0.2 ms (with a natural line-width of 7 Hz). The relative populations are 91% for the 
broad peak and 9% for the narrow one. 
The sample with 60% w/w TEP has a broad peak and a narrow peak. The FID 
is difficuh to analyse because the line contains many components, it is very difBcuh to 
seperate each component. However the Fourier transform spectra shown in figure 6.5. 
and 6.6. show some interesting aspects. As the tau value increases the broad peak loses 
intensity quickly and the narrow peak more slowly. Interestingly the phosphorus 
spectrum has such a large shift range that the broad peak can be seen to divide into 
two separate peaks as the tau value increases. This happens because the line-width of 
the overlapping peaks falls off and the peaks become distinct. This is unequivocal 
evidence of at least two separate lines within the broad peak, corresponding to two 
distinct chemical environments for the adsorbed molecules. 
The narrow peak associated with TEP adsorbed on the external surface has a 
T2 value of 15.2 +/-0.4 ms. This gives a calculated natural linewidth of 20.9 Hz which 
compares to the observed Unewidth of 82 Hz. 
The deuterium NMR observed the SC2 sample with 40% 2H2O adsorbed on 
the carbon. The plot of the Ln signal against dephasing time is presented in figure 6.7. 
The tau values used varied from 0.5 ms to 13 ms. 
200 
6 T 
4 8 12 16 20 
Deptoasing time (ms) 
24 
Figure 6 .7. Graph of the Ln Signal against dephasing time for ^H spectra of SC2 with 
40% w/w 2H2O adsorbed. 
The deuterium spectra give some evidence of the two peaks with a plot 
consisting of two different slopes for the Ln signal versus dephasing time. The two T2 
values calculated are T2 = 13.9 +/- 1.2 ms and T2 = 7.0 +/- 1.2 ms. The values relate 
to natural hne-widths of 45 Hz (population 12%) and 22 Hz (population 88%). 
The final sample observed the spectra of 60% w/w ^H20 adsorbed onto the 
SC2 carbon. The spectrum had a broad and narrow peak so the results have been 
presented as a stacked plot in figure 6.8. The spectra show that the broad peak does 
not separate into two separate peaks. This is presumably because the two overiapping 
peaks are of very similar chemical shift. The broad peak does not decay away as 
quickly as the ^^ P NMR following the TEP adsorption does. 
The narrow peak associated with 2H2O adsorbed on the external surface has a 
T2 value of 17.7 +/-0.3 ms. This gives a calculated natural linewidth of 18.0 Hz which 
compares to the observed linewidth of 42 Hz. 
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Sample on 
L SC2 
Peak Observed 
Ai/2 (Hz) 
Minimum 
Ai/2 (Hz) 
T2 value 
(ms) 
Natural 
Ai/2 (Hz) 
Relative 
populations 
20% TEP Broad 250 198 2.4+0.1 138 
40% TEP Broad 260 2.38+0.2 134 91% 
Broad 260 43.7+0.2 _ 7 9% 
60% TEP Broad 260 
Narrow 72 15.2±0.4 7 
40% ^HyO Broad 140 13.9±1.2 22 88% 
Broad 140 7.0+1.2 45 12% 
60% 2H7O Broad 140 
Narrow 40 17.7±0.3 18 
Table 6.1 Summary table of the '^P and ^H NMR Hahn-echo experiment results. 
6.4. Discussion 
The Hahn-echo experiment gives good experimental resuhs for adsorbate 
systems but a carefiil experimental set-up is necessary. The ^^ P NMR resuhs show that 
the broad micropore peak consists of more than one component as the load builds up. 
Figures 6.4 and 6.5 show that two peaks are observable as the dephasing time 
increases. The plot of the Unewidth as a fijnction of dephasing time shows a decrease 
as the tau value increases until a minimum of 198 Hz is achieved. The reduction in 
linewddth with increasing tau indicates a dispersion of sites with different widths, 
however the corresponding plot of the signal wdth dephasing time only shows one 
component in the T 2 . Clearly these resuhs are conflicting and more experiments need 
to be performed to clarify the situation. The smallest observed linewidth of 198 Hz is 
larger than the calculated natural linewidth of 134 Hz. This suggests that there is a 
dispersion of chemical shifts with similar linewidths. Increasing the load to 40% gives 
the same broad peak plus an extra narrow peak (7Hz) at a similar shift. The 60% 
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spectra in figures 6.5 and 6.6 show evidence of these two distinct sites within the 
broad peak. 
The deuterium resuhs also show a muhi-component system, with two distinct 
values of T2 calculated for the broad peak for the 40% w/w sample. The deuterium 
micropore peak has a larger value than the phosphorus adsorbate, and the spectra in 
figure 6.8. show that some components of the broad peak are refocussed even at tau 
values of 20 ms. This deviation fi-om the '^P resuhs suggests that the observed 
deuterium line is broadened even more compared to the calculated natural linewidth. 
This broadening arises fi^om a dispersion of chemical shifts with similar linewidths. The 
results for the narrow peaks shows that these also appear much broader than the 
calculated natural hnewidth. 
6.5 Conclusion 
The relaxation'results show that the broad micropore peak shifted to low 
frequency, is broadened by a dispersion of chemical shifts with similar linewidths, but 
there is also a dispersion of linewiths. The results suggest that the peak consists of 
overlapping lines with similar chemical shifts. This is reasonable because the pores are 
not of a uniform size so the adsorbate will experience a dispersion of similar 
envirormients. 
The narrow external surface peak, is also broadened by a dispersion of 
chemical shifts with similar Unewidths. The results suggest that this peak consists of 
overlapping lines with similar chemical shifts. This is reasonable because the external 
surface will have variations so the adsorbate will experience a dispersion of similar 
environments. 
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Chapter 7 Conndiuisioims 
This was a study of adsorption on three activated carbon substrates using solid-
state NMR. The adsorbates used as probe molecules included a range of phosphates, 
phosphonates and deuterated water. High-resolution ^^ P and NMR spectra were 
obtained using magic-angle spinning and a single-pulse regime. 
The deuterium resuhs included the generation of an adsorption isotherm. The 
traditional gravimetric analysis and NMR experiments were run concurrently. These 
results showed that the NMR technique was qualitatively and quantitatively accurate, 
while the proven adsorption isotherm theory could be applied to the NMR results. The 
additional information given by the NMR results showed evidence of two distinct 
adsorption sites. Initial adsorption in the micropores gives a peak shifted by 6 ppm.to 
low frequency of the liquid 2H2O line. This peak was broadened due to restricted 
motion in the micropores. The second peak was observed at high relative humidities, 
and was attributed to adsorption on the external surface or in macropores. The 
chemical shift was similar to that of the pure liquid. Deuterium NMR was used to look 
at carbon substrates with difierent degrees of activation. The chemical shift results 
showed that the largest shift to low frequency occurred with low bum-ofif levels. As 
the burnofF increased the chemical shift of the micropore adsorption moved to high 
frequency. This shift was attributed to the pore size increasing, with a corresponding 
reduction in shielding of the adsorbed molecule. 
The NMR results were used to directly observe the adsorption of 
phosphates with a range of molecular sizes. The efiect on the pure liquid phosphates of 
adsorption onto the activated carbon was analysed. The adsorption into the micropores 
once again gave a broad peak shifted to low frequency. At high phosphate loads, a 
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second narrow peak developed, close to the pure liquid line. The NMR data were used 
to calculate the micropore accessibility for each phosphate. Differences in the 
adsorption mechanism were recorded, and direct comparison of each carbon gave 
some structural information. The long-term ageing of the sample was observed, with 
phosphate molecules moving from the external surface sites into the micropores over a 
thirty-three day period. 
It was possible to follow competition reactions over time periods of 1 min to 
24 hours. A battlefield simulation was studied, with 2H2O and a phosphate competing 
for the adsorption sites. The NMR results showed that the phosphate was 
preferentially adsorbed into the micropores, displacmg the ^HjO. However, the 
addition of 2H2O to a carbon saturated with a phosphate enabled more phosphate to be 
adsorbed into the micropores via a cooperative mechanism. 
Measurements of the transverse relaxation for adsorbed molecules suggested 
that the broad micropore signal consists of some overlapping peaks. The peaks with 
similar chemical shift are attributed to adsorption m pores with differing dimensions. 
The natural linewidth involves broadening caused by restricted anisotropic motion 
within the micropores. 
This report clearly shows that solid-state NMR is a very versatile tool that can 
be used to look at adsorption onto activated carbon. The direct observation of the 
adsorbate molecules gives valuable information about the adsorption process and the 
nature of the activated carbon itself The adsorption information and battlefield 
simulations provide new Insights into the way respirator cannisters perform. The 
knowledge should enable the military carbons to be tailored to specific adsorption 
tasks with increasing performance. Increased performance would reduce the carbon 
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bed-depth required to meet breakthrough criteria. This would make the respirator 
system easier to use, with greater airflow for personnel exposed to an agent threat. 
Future experihients using solid-state NMR are required to fiilly explore the 
adsorption process and analyse the carbon substrates. There is a huge scope for 
research in the adsorption area, with many applications benefitting by improved 
eflBcency and cost reduction via an increased understanding of adsorption onto 
activated carbon. The adsorption isotherm needs to be run on each substrate so that 
the additional NMR information can be compared directly. The range of adsorbates 
can be increased to include different phosphates, and perhaps some fluorine containing 
molecules. The adsorption studies with varying molecular size and precoverage could 
be run concurrently with immersion calorimetry, to help in the understanding of the 
adsorption potentials. The standard adsorption isotherms with nitrogen and carbon 
dioxide gas need to be investigated using NMR of isotopically labelled gases. The 
adsorption kinetics of the competition reactions also need to be studied in greater 
depth, to see what characteristics of the activated carbon improve the speed of 
adsorption. 
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